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THE RESPONSES OF AXONS TO MECHANICAL STIMULI 


A. ROSENBLUETH, R. ALVAREZ BUYLLA AND J. GARCfA RAMOS 


(Department of Physiology of the Instituto Nacional de Cardiologia 
of Mexico) 


T# STUDY of the local responses of axons to electrical stimuli (Rosen- 
blueth and Luco, 1950; Rosenb!ueth and Garcia Ramos, 1951 and 
1952) led us to the conclusion that the necessary and sufficient condition 
for the initiation of a propagated nerve impu'se is the development of a 
local response that reaches threshold amplitude and duration. The ques- 
tion arose then whether other stimuli initiate impulses via the same in- 
termediary process. 

Observations of Arvanitaki (1939 a and b) and of Brink, Bronk and 
Larrabee (1946) suggest that chemical stimuli set up local responses 
similar to those elicited by electric pulses. Mechanical stimu'i. on the 
other hand, have not been tested from the present standpoint. This study 
was undertaken with the purpose of investigating their mode of action. 


METHOD 


The nerves studied were the peroneal and popliteal of the cat. It 
was expected that the connective-tissue sheath would protect the axons 
from the irreversible damage apt to ensue upon repeated mechanical sti- 
mulation. This expectation was confirmed. These nerves allowed obser- 
vations for several hours with only slight reduction in the amplitude of 
the maximal propagated spikes. Spinal roots, on the other hand, which 
have little connective tissue, promptly failed in the few instances in which 
they were tested. We may state parenthetically that the results obtained 
with the spinal roots were similar to those seen in the peripheral nerve 
trunks. 

Figure 1 illustrates diagrammatically the experimental set up. The 
nerve (N) was excised and placed on the electrodes (1 to 6) in a mineral- 
oil bath. These electrodes were platinum or chlorided-silver wires. One 
of the electrodes (4) lay at the bottom of a trough in a lucite plate (L), 
which was firmly supported by a clamp. The region of the nerve in 
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contact with this electrode was the one to which the mechanical stimuli 
were applied. 

These stimuli were obtained by the pressure exerted by a thin lucite 
rod (R) attached to a light steel spring. The spring was pulled by the 
magnetic field set up in a thelephone coil (C), when d.c. pulses of varia- 
ble duration were sent through the coil. The pu'ses were obtained from 
a Grass Model III C stimulator. 

The intcrsity of the stimuli could be regulated either by varying the 


Fic, 1.— Diagram of the mechanical stimulator. The nerve (N) lies on electrodes 1 
to 6. Electrode 4 is at the bottom of a trough in a lucite bar (L). A lucite flat- 
tened rod. (S) is in a guide (not shown in the diagram) and rests on the nerve. 
This rod has an electrode (7) bored within. When pulses are passed through the 
telephone coil C, it pulls the spring that holds the rod R and thus exerts pressure 
on the nerve. This pressure can be regulated either by changing the current 
through the coil or by changing the set of the screw A. ; 

The numbers in this diagram are used to describe the position of the electrodes 
in the different experiments. 


initial set of the spring through the screw A, or by varying the voltage 
of the pulses sent through the coil, 

The lucite rod attached to the spring rested on another lucite rod §, 
that included an electrode (7) which made contact at the tip of the rod. 
The compressed region of the nerve was thus placed between two electro- 
des, one above (7) and one below (4). Either of these electrodes could 
be used for recording purposes or to deliver electric pulses. 

In the early experiments the “on” and the “off” of the pulses sent 
through the coil were allowed to appear as artifacts in the records, in 
order to time the stimuli. It was found, however, that this timing was 
quite inaccurate, for the spring and lucite bar had an inertia sufficient 
to delay significantly the mechanical excursion with respect to the elec- 
tric pulse. 

A second method for the timing and quantification of the mechanical 
stimuli was then devised, namely the record of the impedance changes 
between the electrodes 4 and 7. These electrodes, with the intervening 
nerve were made one arm of a Wheatstone bridge fed by weak a.c. (from 
5000 to 10000 cycles per sec). It was expected that the impedance 
would vary as the distance between the two electrodes. It was found, 
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however, that the impedance increased when the nerve was compres- 
sed -i.e., when the electrodes were closer, and that the changes were 
complex (see fig. 2). 

A third method was therefore finally used to record accurately the 
excursions of the lucite rod S. A small opaque plate was attached to it. 
A beam of light was sent so that the shadow of this plate regulated the 
degree of illumination of a photoelectric cell (929 R. C, A.). The beam 


Fic, 2.— Changes of impedance across a nerve stimuiated mechanically. Upper re- 

cord: impedance unbalance. Through electrodes 4 and 7 the nerve was one arm 
of a Wheatstone bridge fed by weak a.c. (10000 cycles per sec). Lower record: 
mechanical stimulus. An opaque plate was attached to the rod S and its shadow 
regulated the degree of ilumination ef a photo-electric cell. Downward excursions 
denote compression of the nerve. 
A 5 msec pulse was sent to the coil C; the artifacts of the “on” and the “off” of 
this pulse are shown by the arrows. The impedance of the nerve was balanced 
by a resistance of 5200 ohms in parallel with a capacity of 0.4 »F. The peak 
of the initial change of impedance could be balanced by the same capacity and 
a resistance of 5600 ohms. 


was directed so that angular excursions did not affect the illumination 
of the cell and so that the changes in this illumination were proportional 
to the excursions of the rod. The cell was fed by a 22.5 v. battery through 
a charging resistance of 10 megohms, the center of which was grounded. 
The signals across this resistance went to the grids of two 6SJ7 tubes, 
coupled in push-pull, with a plate voltage of 180 v. and plate and cathode 
resistors of 5000 and 1500 ohms, respectively. The amplified signals 
then went to a Grass cathode-follower and amplifier. 

The electric pulses applied to the nerves were obtained from another 
Grass stimulator, coupled with the one that controlled the mechanical 
stimuli so that mechanical and electrical stimuli could be delivered in 
pairs with variable time intervals, 
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In the majority of the experiments, the responses of the nerves were 
recorded monophasically from the mechanically stimulated site (electro- 
des 4 or 7) or some neighboring point (3 or 5) to one of the crushed 
ends (1 or 6). The responses were amplified and led to one beam of a 
two-beam cathode-ray oscillograph. The other beam recorded the mecha- 
nical stimuli. 


RESULTS 


A. Responses to tke mechanical stimuli. a) The tpye of fibers with 
the lowest threshold. — When the mechanical stimuli are gradually in- 
tensified the number of fibers that discharge impulses gradually increa- 
ses. In order to determine the type of the fibers with the lowest threshold 
two sets of observations were carried out. 

In the first the mechanical pulses were adjusted so that only a few 
fibers responded. Electric stimu!i were then applied shortly (i.e., 1 to 2 
msec.) before the mechanical pulses, and were gradually intensified. The 
purpose was to see when the responses to the mechanical pulses’ would 
disappear because of the refractory state subsequent to the conditioning 
discharge. In exceptional instances, if the response to the conditioning 
shocks was equal in amp'itude to that of the mechanical pulse, the latter 
was cancelled - i.e, the same fibers had been activated by the two stimuli. 
As a rule, however, this cancellation did not occur; the conditioning 
shocks had to be intensified so that many more fibers discharged in order 
to make the mechanical puls2s ineffective, but these fibers all belonged 
to the A group It may be inferred that the fibers that are more excitable 
‘electrically are a’so the first to respond to mechanical stimuli and that 
the usual results were due to selective effects of the two stimuli on diffe-- 
rent regions of the nerve trunks. 

The same conclusion was reached in the second set of observations. 
Here the conduction velocity of the most excitable fibers was measured. 
It was approximately the same for the two modes of stimulation.. 


b) The time of initiation of the impulses. — When records were taken 
from either of the electrodes 4 or 7 it was possible to time the initiation 
of the propagated impulses with regard to the time course of the mecha- 
nical pu'se applied. As shown in figure 3 the impulses begin during the 
phase of rising pressure and only then. Even when strong and prolonged 
stimuli are applied, the response is a fairly well synchronized volley 
(see fig. 4). 

The time of initiation can be stated more precisely if we say that 
this initiation is related to the value of the derivative of the phase of 
rising pressure. Thus, in a series of observations, a long mechanical! pulse 
was made to develop gradually more slowly by placing condensers in 
parallel with the coil of the stimulator. The results are illustrated in 
figure 4. Although the final degree of pressure was the same in all cases, 
the responses increased when the initial rate of development of the pres- 
sure increased. Again, in figure 3, impulses are initiated only during the 
stage when the derivative has a high value, and not later, although the 
pressure continued to increase, 
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c) The influence of the duration of the stimuli.—In view of the 
results reported in the previous section, it was expected that a strength- 
duration relationship wou'd not obtain when mechanical stimuli of diffe- 
rent durations should be applied. This expectation was confirmed. Since 


{ j 
J 


Fic, 3.— Responses to mechanical stimuli of different durations. Upper tracing: elec- 
trogram from electrodes 4 and 6. Lower tracing: mechanical stimuli recorded 
throug the photoelectric cell as in fig. 2. Time calibration: 5 msec. 


= 


Fic, 4.— Responses to long mechanical stimuli with different rates of increase. The 
rates were modified by placing capacities of different values in parallel with the 
coil C. A to C, increasingly faster rates (lower tracings). The electrograms 
(upper tracings) were recorded from electrodes 1 and 8, hence their delay with 
regard to the stimuli. Conduction distance: 0.5 em. Time calibration: 5 msec. 


the stimuli act only during the phase of rising pressure, when they are 
lengthened no change in their excitatory effects is seen provided that the 
rising phase remain constant. 

Thus, in figure 3, the two stimuli applied had approximately equal 
effects, although the second was much longer than the first. 


d) The lack of stimulating effects at the end of the stimuli.— In no 
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instance was any response seen to the release of pressure that occurred 
at the end of the stimuli. This was true even when relatively strong pres- 
sures were applied, maintained for 10 to 20 msec, and then suddenly 
released, 


e) The local responses to the stimuli.— Recording from electrodes 


4 or 7 to 6, local responses were sought similar to those elicited by eleetric 
pu'ses at the stimulated region. The criteria for their identification were 


Fic. 5. — Summation of the effects of two mechanical stimuli. Pairs of stimuli applied 
as shown by the lower tracings. Records from electrodes 5 to 6. Note that as the 
intervals between the stimuli become shorter the second stimulus increases and 
its rising phase becomes steeper. Time calibration: 5 msec. 


that they should precede the development of spikes and that they should 
disappear when the nerves became refractory. 

Although some of the observations suggested that these responses do 
develop, they were small in relation to the artifacts due to the changes of 
contact of the electrodes. Their existence will be considered in detail in 
the discussion. 


f) The summation of subliminal stimuli.—In some observations, 
pairs of subliminal or barely-liminal stimuli were applied to the same 
region, by sending pairs of pulses to the coil of the stimulator. The in- 
terval between these stimuli was varied. 

As a rule, when this interval was sufficiently small, the second sti- 
mulus became liminal, or else its response increased importantly (fig. 5). 
In all these instances, however, the increased response corresponded to an 
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inerease of the rate of development of pressure of the second stimulus. 
These results should not be interpreted as evidence of summation of the 
excitatory effects of subliminal stimuli. 

B. The interaction of electrical and mechanical stimuli. — The res- 
ponse to an electrical pulse may be importantly modified by the previous 
or simultaneous application of a mechanical stimulus, and viceversa. 


Fic. 6.— Increase or decrease of the responses to a mechanical stimulus when an 

anodal pulse precedes it at different intervals. Electrical pulses applied to elec- 
trodes 4 and 6. Records from 3 to 1. 
A: mechanical stimulus applied alone (the artifacts show the “on” and the “off” 
of the 2 msec pulse sent through the coil C). B and C: a brief subliminal anodal 
pulse (first artifact) increases the responses to the mechanical stimulus. D: a 
decrease is obtained when the pulse is applied at about the time of the rising 
phase of the mechanical stimulus. Time calibration: 10 msec. 


Thus, figure 6 illustrates the influence of a brief anodal pulse deli- 
vered to electrode 4 at different times before and during the application 
of a mechanical stimulus. This pulse enhances the response to the stimulus 
when it precedes the latter (B and C), but it depresses this response when 
applied early during the phase of rising pressure (D). In figure 7, 
the response to a cathodal pulse is greatly increased when a mechanical 
barely-liminal pulse is applied, so that the two stimuli coincide. And in 
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figure 8 the responses to a mechanical and electrical cathodal pulse ap- 
plied simultaneously give a greater than linear summation, 

Figure 9 illustrates the changes in the amplitude of the responses to 
a brief mechanical stimulus applied at different times during and after 
the passage of relatively long (10 msec) anodal (crosses), and cathodal 


Fic. 7.— Increase of the response to a cathodal stimulus when applied shortly after 
the delivery of a barely liminal mechanical stimulus. Records as in figure 6. 
A: mechanical stimulus alone. B: electrical pulse alone. C and D: electrical pulse 
applied at the time of the development of the mechanical stimulus. Time calibra- 
tion: 10 msec. 


(circles) subliminal d.c. pulses. Conversely, figure 10 illustrates the 
changes in the amplitude of the responses to a brief cathodal pulse deli- 
vered at different times during and after the application of a subliminal 
mechanical stimulus. 

In general, it may be stated that the interaction under consideration 


: 
| 
| | 
| 


212 ROSENBLUETH ET AL 


Fic. 8.— Summation of the responses to a cathodal pu'se (A) and to a mechanica 
stimulus (B) when applied simultaneously (C). Records as in fig. 6. Time 
calibration: 5 msec. 


is similar to that which would obtain if a brief cathodal pulse were uccd 
instead of the mechanical stimulus, 


DISCUSSIGN 


I. The importance of the derivative. — The results reporied in 
tions Ab and Ac support the view that the important factor for mecha- 
nical stimu ation is a critical rate of change of pressure. As soon as this 
rate was attained, the fibers began to discharge, and as soon as thi; 


Fic, 9. — Changes in the amplitude of the responses (ordinates) to a mechanical sti- 
mulus applied at different times with regard to the passage of a 10 msec (see 
signals in the abscissae) anodal (crosses; full line) or cathodal (circles; dotted 
line) pulse through electrodes 4 and 6.; The polarity of the pulses is referred to 
electrode 4. 


rate decreased, they ceased discharging. Thus, it was possible to apply 
large pressures with no discharge of impulses if the pressure was applied 
gradually. Indeed, it was possible to crush a nerve irreversibly with no 
detectable stimulation. 

It might be supposed that the lack of stimulation with slowly rising 
pressure could be due to accommodation - i.e., to a gradual increase of 
the threshold. But this supposition would imply a very fast time-cons- 
tant for the accommodation process. The critical slope below which the 
nerves failed to respond was such that the threshold would have to be 
increasing at a rate faster than about one rheobase per 0.3 msec if the 
failure were due to accommodation. 
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That the phase of increasing compression is the important factor 
for mechanical stimulation is also shown by the observations on the inter- 
action between electrical and mechanical stimuli. The only time when 
a mechanical pulse facilitates the responses to a brief cathodal or anodal 
pulse is the time during which the pressure on the nerve is increasing 
(fig. 10). 


40 


Fic. 10. — Changes in the amplitude of the responses (ordinates) to a brief cathodal 
pulse applied to electrode 4 (and 6) at different times, with regard to the me- 


chanical stimulus indicated by the dotted line. Calibration of the abscissae: 
10 msec intervals, 


II. The absence of a strength-duration relationship. — The conclusion 
that the important factor for mechanical stimulation is the attainment 
of a critical rate of change of pressure excludes the existence of a 
strength-duration relationship for the stimuli. The present observations 
support this inference. In no instance was a long stimulus rendered inef- 
fective by shortening it, as long as the rising phase did not vary. And 
in no instance did a brief just subthreshold pulse become effective when 
it was prolonged. And, finally, when threshold amplitudes were deter- 
mined for pulses of different durations, ranging from 20 to about 2 msec, 
in no instance was this amplitude increased for the shorter durations. 


Blair (1936) made observations that led him to the opposite conclu- 
sion, namely, that mechanical stimuli, like electrical stimuli, exhibit a 
strength-duration relationship, and indeed that the two relationships are 
analogous. Blair did not record the stimuli he applied. He used air jets 
and inferred their strength and duration by the measurement of the 
pressure in the air reservoir and of the movement of the valve that re- 
leased this air. It is highly improbable that the strengths and durations 
of the pressures applied to the nerves coincided even roughly with these 
measurements ; inertia, turbulence and friction should have distorted them 
importantly. Thus Blair’s conclusion is based on inadequate data. It is 
possible that briefer stimuli than those employed in the present study may 
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reveal a strength-duration relationship, but there is at present no adequa- 
te experimental proof for such a relationship. 


Ill. The summation of the effects of subliminal mechanical stimu- 
li.— Blair (1936) reported latent addition of two brief pulses delivered 
with an interval of 2 msec. For the reasons stated in the previous section 
we cannot accent his evidence as satisfactory. Since he did not record 
the stimuli he did not eliminate the possibility that they summed - ie, 
that the pairs of pulses really represented a single stronger stimulus. 

In the present study, whenever summation of the effects of two pul- 
ses was obvious, the records of the stimuli showed an increase of the se- 
cond pulse in the pair, and more snecifically an increase of the derivative 
of the phase of rising pressure (fig. 5). 

We do not infer that summation of the effects of subliminal mecha- 
nical stimuli cannot take place, but merely that it has not been proved so 
far that it does occur. With the stimuli used here it is not surprisine 
that we failed to observe this summation. Using electric stimuli, latent 
addition can only be seen with quite brief intervals, less than abovt 0.5 
mse between the stimuli (see Rosenblueth and Luco, 1950). The briefest 
mechanical pulses that we obtained lasted over 1 msec. A second stimu- 
lus, therefore, could not be applied at the right interval without its over- 
lapping the first one - i.e., without its becoming larger. 

IV. The mode of action of mechanical stimuli. Although no decisive 
direct evidence was obtained of the development of local responses at the 
stimulated region (see section Ae), it appears probable that mechanical 
stimuli, like electric shocks, initiate nerve impulses indirectly, by eliciting 
local responses which in turn trip the propagated spikes. 

The negative results reported in section Ae can be explained by the 
fact that peripheral nerve trunks were used. As pointed out by Rosen- 
blueth and Luco (1950), in these trunks the connective-tissue sheath acts 
as a shunt across the electrodes and thus reduces the amplitude of the 
responses. When spinal roots were tested they were promptly damaged 
by the stimuli, precisely because of the absence of a sheath. In addition, 
the stimuli introduce artifacts due to the changes of contact of the re- 
cording electrode 4 or 7. These artifacts tend to mask the responses. 

The main argument in favor of the mechanism of stimulation sugges- 
ted above is that, in their interaction with electric pulses (figs. 6 to 10), 
mechanical stimuli behave like brief cathodal shocks, and these shocks 
initiate spikes through the development of local responses. 


SUMMARY 


A stimulator was devised that allows the application and recording 
of mechanical stimuli of variable intensity and duration to nerves (fig. 1). 

The data indicate that the most excitable fibers to mechanical stimuli 
are the A fibers, as for electric pulses (section Aa). The impulses are 
initiated during the phase of rising pressure (figs. 3 and 4). There is 
no strength-duration relationship (fig. 3) ; the important factor for sti- 
mulation is the rate of development of pressure. 

The interactions between mechanical and electrical stimuli are the 
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same as would be obtained if the mechanical stimuli were substituted by 
brief cathodal pulses (figs. 6 to 10). 

It is inferred that mechanical stimuli, like electric pulses, initiate 
impulses through the intermediate development of a local response. 


We are indebted to the United Cerebral Palsy Foundation for a grant that helped 
to defray the expenses of this study. 
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A STANDARDIZED METHOD FOR THE NEUROGENIC 
AND CARDIOGENIC PRODUCTION OF VENTRICULAR 
ARRHYTHMIAS IN THE RAT * 


MANUEL RENE MALINOW, FERNANDO F. BATLLE, AND 
BERNARDO MALAMUD 


AttHoucH it is clearly recognized that induced disturbances of the 
cardiac rhythm may not be identical with seemingly similar events 
occurring under certain pathological conditions in man ('), the experi- 
mental approach has been widely utilized in the study of cardiac arrhyth- 
mias. Methods for producing cardiac arrhythmias in animals are directed 
either to obtain evidences of its fundamental nature or to assay the ability 
of drugs in the therapy of these disturbances. In the present paper we 
will deal only with methods pertaining to the second question, although 
they may also be used in connection with fundamental mechanisms, Re- 
cent excellent reviews pertaining to some of the theoretical basis of cardiac 
arrhythmias are to be commended upon (1: 2: 3). 

In spite of the many years which have elapsed since cardiac arrhyth- 
mias have been recognized and important papers devoted to this question, 
its fundamental nature is still largely unknown. Consequently, thera- 
peutic methods based on changes caused by a drug on some properties of 
the cardiac muscle which on theoretical grounds is thought to be of crucial 
importance in the development or maintenance of a particular arrhythmia, 
are far from being a matter of scientific certainty (+). From an em- 
pirical point of view, those methods which are able to produce cardiac 
arrhythmias and which allow different substances to be consequently 
tested, have been preferred. These methods have in the past tremen- 
dously increased our knowledge on the pharmacology of cardiac arrhyth- 
mias, but strict quantitative comparison of results obtained by one tech- 
nique with those obtained by a method based on a fundamentally diffe- 
rent concept is no justifiable (4). Furthermore, a distinction must be 
drawn between methods to prevent and to arrest abnormal mechanisms. 
When arrhythmias are experimentally produced, they may end sponta- 
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neously so the results of tested drugs may be misleading, or they might 
have so much modified myocardial or circulatory factors that irreversible 
changes may appear and the therapeutic effects are then masked. Me- 
thods which assay drugs by preventing the appearance of arrhythmias 
do not have these drawbacks, but each animal should be used only once 
(a costly procedure when using dogs) or enough time for the disappea- 
rance of the effects of drugs and/or the arrhythmias should be allowed 
in order to reproduce control conditions. Obviously, experiments invol- 
ving exposure of the heart, ligation of the coronary artery, etc., do not 
lend themselves easily to these requirements. 

Current methods are also faulty in one very important respect, since 
they do not take into consideration that cardiac arrhythmias are probably 
produced in man mainly through disturbances in the nervous system and/ 
or the cardiac cells. Experiments should consequently be planned as to 
induce separately cardiac arrhythmias through neurogenic and cardio- 
genic mechanisms in the same species of animals in order to be able to 
compare the results. For instance, standardized methods involving epi- 
nephrine with or without a volatile hydrocarbon (5° *) do not separate 
neurogenic and cardiogenic effects since both substances have a direct 
effect on the heart and may also reflexly influence the circulation. Me¢- 
thods based mainly on cardiogenic production of arrhythmias (5: % 10 14) 
do not contemplate pathogenic nervous mechanisms. Some of them have 
added much to our knowledge of fundamental mechanisms (2'*), but 
have not been quantitated for pharmacological research. The determina- 
tion of the threshold of electrically induced ventricular fibrillation has 
allowed many substances to be tested, but it is a time consuming proce- 
dure (7). The method of gradual occlusion of a coronary artery is a well 
standardized procedure with which many substances have been tested 
in connection with cardiogenic arrhythmias ('*), but it is a strenous pro- 
cedure since a great number of dogs must be used. 

In spite of these limitations, there is no doubt that extrapolations 
from animals experiments have greatly improved the treatment of cardiac 
arrhythmias in man. That is why we tried to devise a method to study 
the pharmacology of these disturbances. As ventricular arrh;thmias have 
a more serious outlook, we decided to study particularly ventricular tachy- 
cardia, flutter and fibrillation. A common approach to these different 
abnormalities is justified since they apparently have a common underlying 
mechanism (':*); they will, then hereafter, indiscriminately be called 
ventricular arrhythmias. Furthermore, we believe as very probable that 
many of the results obtained in connection with these may also be applied 
to the pharmacology of other auricular and ventricular arrhythmias, a 
fact which clinical experience has already confirmed. 

To furtherly advance our present knowledge, an ideal methud musi 
be devised such as that the following requirements could be met: 

1) Ventricular arrhythmias should be produced separately through 
neurogenic and cardiogenic mechanisms in the same species of animals. 


2) An easily available mammal should be used in order that a sin- 
gle test could be made in each animal, 
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3) The conditions of the experiments should be standardized in such 
a way as to obtain reproducible results in different control groups. 

4) The procedure should give a clear end point, i.e., the sudden appea- 
rance of ventricular arrhythmias in almost 100 % of the control animals. 

5) The stimulus to produce arrhythmias should not be too strong in 
order for them to be liable to be prevented by drugs or operative pro- 
cedures. 

6) As ventricular arrhythmias greatly disturb circulation, the effec- 
tiveness of a procedure should be tested for its ability to prevent the 
appearance of the said arrhythmias instead of abolishing them after they 
are produced. 

7) The strength of the stimulus should be standardized in such a 
way that a well known drug when previously given in non toxic doses 
(quinidine sulphate for instance), should prevent the appearance of the 
arrhythmias in almost 100 % of the cases. 

8) Experiments should be rapidly performed in a few minutes in 
order that a large number of animals could be tested under similar labo- 
ratory conditions, 

Existing methods to produce cardiac arrhythmias do not fulfill these 
specifications. We have in the past few years, developed a method to 
induce ventricular paroxysmal arrhythmias in the rat separately through 
cardiogenic and neurogenic mechanisms, and the conditions have been 
so standardized that all the above mentioned requirements have been met. 
Partial reports appearing elsewhere ('*. 1+ 15) will freely be quoted here 
but a more complete presentation of the method is made in the present 
paper. 


MATERIAL AND METHODS 


White albino rats of the Williams strain were used. The animals 
were anesthetized with Nembutal intraperitoneally, 6 mg/100 gm of a 
0.6 % solution in distilled water. Clean but not sterile technique was 
used throughout. Only the main features of the method for producing 
ventricular arrhythmias in the rat (13.14) will be mentioned here. 

a) Ventricular flutter and fibrillation of neurogenic origin. — The 
femoral vein was isolated at the inguinal region in order to check the 
accuracy of the injection. A standard dose of 0.2 cc/100 gm of a 10 % 
Ca Cl, solution was used in all animals; as weight of the animals may in- 
fluence the results, they were limited between 60 and 130 gm. During 
the injection and the following two minutes, the cardiac mechanism was 
continously studied through a cardioscope connected to the animal with 
two percutaneous clamp electrodes. An electrocardiograph allowed the 
recording of occasional tracings when so desired. 

Results were graded as follows: 1) isolated ventricular premature 
systoles; 2) frequent ventricular premature systoles, never occurring in 
runs, or bigeminal rhythm; 3) short runs of ventricular flutter or fibri- 
llation, and 4) long runs of ventricular flutter or fibrillation. In the 
final interpretation, results 1 and 2 were considered as negative, 3 and 4 
as positive. In an occasional animal, the heart apparently stopped after 
the injection of Ca Cl,; despite lack of electrocardiographic action, if the 
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thorax was open, a very fine ventricular fibrillation was sometimes seen. 
For this reason animals with cardiac arrest were discarded. 

b) Ventricular tachycardia, flutter and fibrillation of cardiogenic 
origin. — It has been shown (14) that weight of the animals between 35 
and 250 gm does not influence the results. In the present series they 
were limited between 60 and 150 gm. A cervical medial incision was 
made after a similar anesthesia as above was used and the trachea was 
dissected free and cannulized with a 1.5 mm O, D. needle in order to give 
intermittent positive pressure respiration. The thorax was then split 
through a midline transternal incision, the pericardium was opened and 
using a very fine brush, a small amount of aconitine solution was placed 
on the right ventricular epycardium during an apneic period in order to 
insure minimal pressure of the brush. The amount of aconitine solution, 
determined by weighing 100 successive drops on a small glass, is approxi- 
mately 0.02-0.03 mg/drop. Little practice is required to produce drops of 
a similar volume. After many trials, the following standard solution was 
adopted: 2 mg of aconitine are dissolved into 2 cc of 95 % ethyl alcohol 
into which a few drops of 3 % acetic acid are added; distilled water up 
to 10 ce are then added. The final concentration of aconitine is 1:5 000. 
The solution is discarded after a week. 

The cardiac mechanism was observed as above and aiso, through 
the open thorax. Results were interpreted as positive when a paroxysmal 
arrhythmia (ventricular tachycardia, flutter or fibrillation) appeared 
within 3 minutes after the application of aconitine, and negative other- 
wise. The time for these arrhythmias to appear can also be used in quan- 
titative experiments. It was seen, for instance, that many drugs were 
able to prolong this interval, but a sharper end point is afforded by the 
procedure adopted by us. 

Other methods to be used will be described in the text. 


RESULTS 


A) The neurogenic nature of CaCl,-induced ventricular arrhyth- 
mias (15) (Table I). 

1) Effects of CaCl,. — When 0.2 cc/100 gm of a 10 % CaCl, solution 
was injected into 20 rats, a positive response, ie., a short or prolonged 
run of ventricular flutter or fibrillation was found in 95 % of the cases. 
Immediately after the injection, sinus tachycardia and increased voltage 
of the QRS appeared. 15 to 30 seconds afterwards, there was a sudden 
increase of the ventricular rate (up to 1200/minute) and the QRS was 
bizarre. The nature of these arrhythmias is best shown in auricular elec- 
trograms (1°) where the independence of auricular and ventricular wa- 
ves is demonstrated. The heart acticn may be regular or irregular and 
it is difficult to decide at these high rates whether flutter or fibrillation 
is present. Although it is admitted that ordinary ecg apparatus are able 
to distort waves at these high rates (17), no trouble was experienced by 
us since we are only dealing with changes in rhythm. It must also be 
remembered that in this paper, both of those mechanisms, as well as the 
arrhythmias induced by aconitine, will hereafter be called ventricular 
arrhythmias, 
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TABLE I 


The effect of drugs and operative procedures on CaCl, induced ventricular a rhythmias 
in the rat (Standard dose, 0.2 ec/100 gm of a 10% CaCl. solution) 


Procedure Injected solution 


Number 


ef positive respons’~ 


animals number 
Control greup 1 20 19 95 
5 5 100 
Artificial respiration through out 5 & 100 
Hypotension (18) 16 14 87.5 
TEA (19) 5 mg/100 gm 10 lt 10¢ 
Ce (19) 2.5 me/100 gm 10 J 0 
Bilateral vagotomy (19) 10 8 80 
Bilateral adrenalectomy (19) 10 9 70 
Hydergine (19) 83 ec/rat 10 1 1) 
Medullo-spinal section (15) 10 3 3) 
Id. plus transfusion (15) 5 1 20 
Encephalic destruction (15) 15 4 21 
Upper spinal destruction (15) 15 4 27 
Encephalic and upper spinal destruction (15) 19 2 ) 
Id. plus transfusion (15) 5 0 0 
Lower spinal destruction (15) 10 9 90 
Nupercaine into spinal fluid C.10 ec/100 gm cf a 19 ) 0 
solution 
Quinidine sulphate (24) 6.04 e¢/100 gia of 1) 2 20 
5% solution 
Heart-lung pzeparaticn (26) 5 5 109 


See methcu iu text. 
TEA, te raethylammonium chloride; C6, hexamethonium bromide. 


a) Effects of anoxia. — The injection of CaCl. induces an immediate 
respiratory arrest in almost all animals, even before the occurrence of 
ventricular arrhythmias. It was then felt desirable to discard the effects 
of anoxia in this connection. 5 rats were consequently given artificial res- 
piration through the dissected trachea during the injection of a standard 
dese of CaCl... In ail of them ventricular arrhythmias similarly appeared. 

b) Effects of hypotension (18),— As many procedures and drugs to 
be reported produce hypotension, and in order to dis-ard its uo2szecific 
effect, in 10 rats, 2 to 4 ec of blood were withdrawn from the previously 
visualized abdominal aorta through a midline transperitoneal incision. 
This masvive bleeding induced a shock-like state in all animals, as evi- 
denced by pallor of the skin, collapsed femoral veins and difficult brea- 
thing repialy leading to apnea. In 9 of these animals where acute hypo- 
tensicn cculd be suspected, the subsequent injection of CaCl. induced 
rosilive results. 

In order to quantitate these results, the proceedure was repeated in 6 
further animals, but the mean blood pressure was then measured in the 
ebdominal aorta with a mercury manomcter conrected to the artery 
through a 0.8 mm needle and heparinized phyciclegie salize filled tubes. 


| 
| | | 
| 
| 
| 
: 
| 
| 


VENTRICULAR ARRHYTHMIAS IN THE RAT 221 


To avoid bleeding of the animals into the system, the manometer was 
previously set at 9 cm Hg. The average contro! mean blood pressure was 
found to be 74 mm Hg (range between 60 and 90 mm Hg). Bleeding 
reduced the average mean blood pressure to 22 mm Hg (range 20 to 30 
mm Hg). When the standard dose of CaCl. was given to these hypoten- 
sive animals, a positive result was found in 5 rats. If both previous groups 
are added, 87.5 % of the cases showed a positive reaction, a non signifi- 
cant difference with the control groups (See Table in (18) ). 

c) Variations in different control groups.— The control group in 
which the injection of CaCl. gave a positive response in 95% of the 
cases, was checked against 2 further groups of 5 rats each. In the first 
5 rats, 4 gave positive responses, ie., short or prolonged runs of ventri- 
cular flutter and fibrillation after the injection of standard doses of 
CaCl,. In the second group, ail 5 rats gave a similar positive response. 
These results, then, bespeak of the reproducibility of the method when 
standard conditions are fulfilled. 


2) Effects of autonomic blocking druas. — As it was previouslv re- 
ported (1°) the iniection of autonomic blocking drugs protects rats from 
the arrhythmic effects of CaCl..5 mg/100 gm of tetraethvlammonium 
chloride were injected into the femoral vein of 10 rats, 3 minutes before 
the injection of CaCl». In none of these animals the injection of CaCl. 
gave positive results. The same was found to be true when 10 rats received 
2.5 mg/100 gm. of hexamethonium bromide 3 minutes before the iniec- 
tion of CaCl.. None of the animals so treated gave positive results. Pre- 
vention of arrhythmias with autonomic blocking drugs was net the effect 
of induced hypotension, as it was shown with similar results obtained 
when simultaneous homologous transfusions avoided any lowering of the 
blood pressure (18). 

3) Effects of vagotomy. — As ganglionic drugs inflvence sympathe- 
tic and parasympathetic pathways (2°. 21), further delimitation of invol- 
ved mechanisms was attempted by vagotomy (1%). In 10 rats both vagi 
were sectioned in the neck. In 8 animals, when CaCl. was injected two 
minutes after sectioning, ventricular arrhythmias appeared. 

4) .Effects of adrenalectomy. —In order to rule out the influence of 
an acute outpouring of adrenal hormones during the procedure. 10 rats 
were subjected to bilateral retroperitoneal adrenalectomy (1%). In 9 ani- 
mals ventricular arrhythmias were induced when CaCl. was injected two 
minutes later. 

5) Effects of sympatholytic drugs. —It was then considered that 
the injection of sympatholytic drugs may provide further evidences of 
the involved pathways. 3 cc of Hydergine [each cc of Hydergine (Sandoz) 
contains 0.3 mg of dehydrogenated alkaloids of ergot], a sympatholytic 
agent (22) were given intravenously to 10 rats (1°). The injection of 
CaCle, 3 minutes later, induced ventricular arrhythmias in only one animal. 

6) Destruction of the central nervous system (15).— The importan- 
ce of the central nervous system in the production of these arrhythmias 
was evidenced with experiments destroying localized regions of the brain 
stem (15). In all the rats to be reported here, in order to overcome apne2, 
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the trachea was dissected and cannulized with a 1.5 mm needle and in- 
termittent positive pressure respiration was given. The operative proce- 
dures were done after a wide median posterior incision had visualized 
the spine and the skull. Sections were always made at fixed bony land- 
marks: a) through the first cervical vertebra, easily identified imme- 
diately below the skull, and b) through the first dorsal vertebra, easily 
identified in the rat by the presence of a large cartilagenous process. His- 
tologic sections showed that procedure a severed the medulla from the 
spine, and that those performed below b allowed the destruction of dorso- 
lumbar spinal tissue, 

a) Medullo-spinal section. —In 10 rats, a specially designed cutting 
hook was introduced at point a sectioning the medulla from the spine. 
Arrhythmias followed the injection of CaCl. in only 3 rats. As it was 
felt that hemorrhage secondary to operative procedures might have chan- 
ged the results, in 5 further rats the section was performed after the 
tansfusion of 4 ce of homologous freshly heparinized blood (obtained 
from other rats through the abdominal aorta). Results were now positive 
in only one rat. 


b) Encephalic destruction. —In 15 rats sharp scissors were intro- 
duced into the skull through point a and the nervous tissue was destroyed 
by divulsion. 4 rats showed ventricular arrhythmias after the injection 
of CaCly. 


c) Upper spinal destruction.— In 15 animals the osseous dorsal as- 
pects of the spine were lifted from a to b and the underlyine nervous tis- 
sue destroyed with scissors. Positive results were obtained in only 4 rats 
after the injection of CaClo. 


d) Encephalic and upper spinal destruction. —In 19 rats procedu- 
res b) and c) were both performed together. When CaCl. was injected, 
in only two instances did ventricular arrhythmias appear. In these ani- 
mals it was observed that the veins were markedly collapsed and it was 
also felt that operative procedures might modify circulating blood volu- 
me and thereby increase the effective CaCl. levels in the blood; experi- 
ments then, would not be comparable with our controls. Consequently, 
hypovolemia was overcorrected with homologous transfusions. In 5 rats, 
the above mentioned procedures were repeated and 4 cc of freshly hepa- 
rinized homologous blood was administered 2 minutes before the CaCl. 
injection. In none of these animals ventricular arrhythmias then appeared. 

e) Lower spinal destruction. —In order to rule out the non specific 
effects of nervous destruction, in 10 rats the spine was destroyed from 
point b down to the tail. In 9 of these animals the injection of CaCl, 
induced ventricular fibrillation. 

7) Effects of nupercaine (Ciba) intracranially. — Further proof of 
the importance of neurogenic mechanisms in connection with these 
arrhythmias, was sought with Nupercaine (Ciba), a potent anesthetic. 
In 10 rats, previously anesthetized with Nembutal as before, 0.10 cc/100 
gm of a 0.5 % Nupercaine solution were introduced into the spinal fluid 
through a needle, piercing the occipital aspect of the skull. Correct posi- 
tion of the needle was evidenced by 1) withdrawing of spinal fluid, and 
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1) Effects of topical aconitine. — When aconitine was placed on the 
right ventricle of 20 rats as described under methods, positive results, 
i.e., a marked ventricular arrhythmia within 3 minutes, was obtained in 
90 % of the cases. In about 15 to 30 seconds sinus tachycardia gradually 
ensues and then, all of a sudden, short or prolonged bursts of a rapid ven- 
tricular rhythm, clearly independent of auricular waves, with aberrant 
QRS complexes and with rates ranging from 400 to 600/minute, appear. 
These arrhythmias are generally irregular although they occasionally are 
regular, and as it is easy sometimes, but not always, to decide whether 
ventricular tachycardia, flutter or fibrillation is present, they will here- 
after indiscriminately be called ventricular arrhythmias, Direct inspec- 
tion shows that the heart suddenlv changes its anatomical position and 
stands vertically to the table within the thorax. These abnormal me- 
chanisms may last a few seconds or a few minutes and it is common to 
see dilated cyanotic hearts stop fibrillation spontaneously. 


a) Effects of anoxia. — As artificial respiration was continuously 
maintained in these preparations, anoxia was always avoided. This was 
evidenced by redness of the blood in the pulmonary veins, since blood in 
this location immediately turned deep blue after short apneic pericds 
Anoxic effects were not determined besides the abolishment of ventricular 
arrhythmias during the unphysiologic conditions refered above. 

b) Effects of hypotension. — As many procedures and drugs to be 
reported produce hypotension and in order to discard its nonsnecifie 
2) rapid respiratory arrest. Artificial respiration was then given through 
the dissected trachea. When standard doses of CaCl. were injected 2 
minutes later, none of these rats showed ventricular arrhythmias. Con- 
trol experiments to be reported elsewhere (2%) showed that neither saline 
similary injected intracranially, nor Nupercaine intravenously. prevented 
ventricular arrhythmias to appear when CaCl, was subsequently injected. 

8) Effects of quinidine sulphate. —0.04 cc/100 gm of a 5 % solution 
of quinidine sulphate (Dominguez) were intravenously given to 10 rats. 
This dose proved to be 25 % of a LD,oo previously determined (24). When 
standard injections of CaCl, were given 3 minutes later, only 2 rats 
showed positive results, 

9) Effects of CaCl. in the heart-lung preparation. — In order to de- 
termine if CaCl. could influence ventricular automaticity by directly 
acting upon the myocardium, a heart-lung preparation was devised in the 
rat. The method has been reported elsewhere (25) and will not be descri- 
bed here. In 5 of these preparations different amounts of CaCl, solutions 
were injected, ranging from the standard doses to 1/5 the same one (2°). 
As they were isolated from all systemic circulation, the volume of blood 
into which CaCl. was distributed was of course much reduced and the 
attained blood levels were consequently much higher than in control rats. 
In these preparations ventricular fibrillation was readily produced, thus 
confirming that CaCl. may also directly increase ventricular automa- 
ticity. 

B) The cardiogenic nature of aconitine induced ventricular arrhyth- 
mias (14). (Table II). 
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TABLE II 


The effect of drugs and operative procedures on aconitine-induced ventricular arrhyth- 
mias in the rat (Standard dose, 0.02-0.03 mg/of a 1:5000 aconitine solution). 


Procedure Injected solution Number of positive response* 
animals number % 
Control group 1 (14) 20 19 95 
Control group 2 (14) 10 9 90 
Control group 3 (14) 8 80 
Hypotension 5 4 80 
TEA (14) 5 mg/100 gm 10 9 90 
C6 (14) 2.5 mg/109 gm 10 8 80 
Bilateral vagotomy (14) 10 8 80 
Iiydergine (14) 3 cc/rat 10 9 90 
Encephalic and upper spinal 5 5 100 
destruction (14) 

Nupercaine on epycardium 0.005 ec/rat (0.56% so 10 1 10 
Nupercaine into spinal fluid 0.10 cc/100 gm. of a 10 6 60 
5% solvtion 
Quinidine sulphrite (24) 004 ce/100 gm. of a 13 3 23 

5% solution 
Heart lung preparation (14) 3 3 199 


* See method in text. 
TEA, tetraethylammonium ch'oride; C6, hexamethonium bromide. 


effects, in 5 rats 2-4 cc of blood were withdrawn from the rreviously 
visualized abdominal aorta through a midline transperitoneal incision. 
The mean blood pressure was measured in the abdominal aorta with a 
mercury manometer which was connected to the artery through 1 98 mm 
needle and heparinized physiologic saline filled tubes. To avoid bleeding 
of the animals into the system, the manometer was previously set at 
>’ em Hg. The average control mean blood pressure was found to be 
65 mm Hg with the heart already exposed (range 69 to 85 mm He. see 
Table III). Bleeding reduced the average mean blood pressure to 31 mm 


TABLE III 


Effects of hypotension on aconitine induced ventricular arrlythmias in the rat. 


Numher of Mean blood pressure (mm He) Pos'tive response 
animals Before bleeding After bleeding number % 
average range average rance 
5 65 €0-85 21 30-35 4 80 


Hg (range 30 to 35 mm Hg). When the standard doses of aconitine were 
topically placed on the right ventricular epycardium, a positive result was 
found in 4 rats, a non significant difference with the control groups. 

c) Variations in different control groups. — The control group in 
which the application of aconitine gave a positive response in 95 % of the 
cases was checked against 2 further groups of 10 rats each. In the first 
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10 rats, 9 gave positive responses. In the second group, 8 out of 10 rats 
gave similar positive responses. These results, than, bespeak of the re- 
producibility of the method when standard conditions are fulfilled. 


2) Effects of autonomic blocking drugs. — As it was previously re- 
ported ('*) the injection of autonomic blocking drugs did not protect 
rats from the arrhythmic effects of topically placed aconitine. even when 
the same dosage levels which proved to be effective against CaCl. indu- 
ced arrhythmias were used. 5 mg/100 gm of tetraethylammonium chlo- 
ride were injected into the femoral vein of 10 rats 3 minutes before the 
application of aconitine. Nine of these animals showed then a positive 
reaction. The same was found to be true when 10 rats received 2.5 mg/100 
gm of hexamethonium bromide 3 minutes before aconitine. Eight of these 
animals gave positive results after the topical application of aconitine. 


3) Effects of vagotomy.—In 10 rats both vagi were sectioned in 
the neck. In 8 animals, when aconitine was placed on the right ventri- 
cular epycardium 2 minutes later, ventricular arrhythmias ensued (14). 

4) Effects of sympatholytic drugs. — Three cc of Hvdergine (San- 
doz) were given intravenously to 10 rats. Topically placed aconitine 3 
minutes later induced ventricular arrhythmias in 9 animals ("*). 


5) Encephalic and upper spinal destruction.—In 5 rats encevhalic 
and upper spinal destruction was carried out as described above In all 
these animals, ventricular arrhythmias appeared after the topical appli- 
cation of aconitine (14). 


6) Effects of nupercaine (Ciba).—a) Nupercaine apvlied on the 
epycardium. — Further proof of the cardiogenic nature of aconitine 
arrhythmias was afforded when Nupercaine was placed on the epycardium 
of 10 rats. A few drops of methyl blue were placed into a 0.5 % solution of 
Nunercaine, 0.005 ce of this solution were placed on the rivht ventricle 
and 1-2 minutes later, a drop of aconitine, as described under methods, 
was put onto the same dyed spot. In only one of these animals did ven- 
tricular arrhythmias ensued. Consequently, aconitine was placed on the 
left ventricle and now ventricular arrhythmias appeared in all cases. Con- 
trol studies to be reported elsewhere (2*) showed that methyl blue alone 
did not prevent these arrhythmias to appear. 


b) Nupercaine intracranially. —0.10 ec/100 gm of a 0.5 % Nuper- 
caine solution were injected into the spinal fluid of 10 rats as described 
above. Two minutes later, aconitine was placed on the right ventricle: in 
six of the animals ventricular arrhythmias ensued. The result are very 
similar to the control groups although a slight protection is apparent. . This 
may be explained by absorption of the drugs into the systemic circulation 
and a subsequent direct myocardial effect, since smaller amounts of Nu- 
percaine when injected intravenously, significantly protected rats from 
aconitine induced ventricular arrhythmias (2°). 

7) Effects of quinidine sulphate. — 0.04 cc/100 gm of a 5 % solution 
of quinidine sulphate (Dominguez) were intravenously given to 13 rats. 
When aconitine was placed on the right ventricle, 3 minutes later, only 3 
rats showed positive responses (24). This percentage (23%) is almost 
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identical to the one obtained in CaCl, arrhythmias (20 %). 

8) Effects of aconitine in the heart-lung preparation.— A drop of 
aconitine was similarly placed on the right ventricle of 3 heart-lung pre- 
parations as described elsewhere (14). In every case ventricular arrhyth- 
mias ensued. 


DISCUSSION 


As the fundamental nature of cardiac arrhythmias is still largely unk- 
nown, we will not discuss methods in which the study of drugs is based 
on the changes of certain intrinsic properties of the cardiac muscle, such 
as the refractory period, irritability, etc. Our experiments are only related 
with the prevention of induced changes in ventricular automaticity, i.e., 
with the production of the inner stimuli, the spread of the excitation and 
the rhythm of the resulting contractions (27). 

Cardiac arrhythmias are produced in man either through an organic 
disturbance of myocardial cells, such as in myocarditides, myocardial in- 
farction, ete. (functional disturbances probably also occur, but no demons- 
tration can be offered), and/or through disturbed nervous factors (see a 
review of the literature in (28) ). Experimental arrhythmias trying to re- 
produce in animals conditions thought to be present in man, have been 
induced in different species separately through neurogenic and cardiogenic 
mechanisms. The former include electrical stimulation of the central ner- 
vous system (2°) and local application of acetylcholine, caffeine, etc. wi- 
thin the lateral ventricles of the brain (°°). Several other methods involve 
only cardiogenic mechanisms. The amount of BaCl./gm of cardiac tissue 
which is necessary to produce ventricular tachycardia or fibrillation in an 
isolated heart preparation has been measured. Results thus obtained are 
greatly scattered and the conditions of the experiments are far from being 
physiological (1). Determination of the threshold of electrically induced 
ventricular fibrilation is an exacting procedure (%2) able to give reliable 
results in the study of several drugs (3), but 1) the threshold shows 
spontaneous variations in the same preparation, and 2) it is a time con- 
suming procedure (7). Other methods to induce cardiogenic arrhythmias 
are not generally able to give quantitative results. Scherf’s method of 
aconitine unravelled the nature of some fundamental mechanisms, but the 
pharmacology of many compounds can not be evaluated since the strength 
of the stimulus can not be accurately gauged (2). The same can be said 
of the local application of acetylcholine (1°), veratrine (°), etc. 

The injection of epinephrine into unanesthetized animals (5: 33: 34) or 
into animals under chloroform (*5), cychlopropane (*) or benzol (7) 
inhalation, gives reliable results and certain drugs have been succesfully 
studied. Unfortunately, epinephrine and the volatile hydrocarbons both 
have a direct action on the myocardium (3°) and they can also reflexly 
influence the circulation; so the mechanisms involved in the action of 
several compounds can not be clearly defined. 

The production of ventricular tachycardia, flutter and fibrillation in 
rats by the injection of standardized doses of CaCl, or by the semi-quan- 
titative application of aconitine, is a very simple procedure to study se- 
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parately neurogenic and cardiogenic ventricular arrhythmias in the same 
species of animals. A common discussion of these different abnormalities 
seems to be justified since they may occur indistinctly after the same sti- 
mulus as it was seen in many of our experiments; recent evidences also 
point to a similar underlying mechanism (2:%) in these and in other 
arrhythmias, so the present discussion may also be applied to premature 
systoles as well as to auricular arrhythmias, 

Although other experimental arrhythmias are coincidentally related 
with sudden increases in blood presure (5: 34: 35). it is important to reirt 
out that in the interpretation of our experiments. negative results after 
the injection of CaCl, or the application of aconitine, are not the effect 
of hypotension brought up by drugs or by onerative procedures. since 
acute hypotension alone, induced by massive bleeding, was not able to 
protect rats from these arrhythmic effects. Anoxia, too, has been de- 
monstrated not to play any role in their production. 


The ventricular arrhvthmias induced by standardized deses of CaCl. 
are prevented by sympatholytic and autonomic blocking drves. bv in- 
jection of Nupercaine into the spinal fluid, by encephalic and/or nnrer 
spinal destruction and by medullo-spinal section. They mav verv sel¢ee™ 
appear even when the last mentioned vrocedures have already destroved 
the central nervous system down to the first dorsal vertebra. Thev are 
not, on the contrary, prevented by bilateral vagotomy, bilateral adrena- 
lectomv ‘nor hv lower sninal destrnetion. These exneriments. ther chow 
that the standard used doses of CaCl. need in order to induce ventricular 
arrhythmias in the rat: 1) an intact central nervous system: 2) antono- 
mic non-vagal conduction pathways, and 3) adrenergic mediators. These 
results consequently besveak of the neurogenic orivin of the indn-ed 
arrhythmias, with probable centers being present within the brain stem 
(the hypothalamus ?) and the impulses being condneted down through 
the upper spine and then to the heart through sympathetic pathways. 

The mechanisms of CaCl. arrhythmias in the rat are apparently si- 
milar to those operative in the arrhythmias brought up by direct stimula- 
tion of the central nervous system (2° 39). Ventricular arrhythmias have 
also been described in rabbits under benzol inhalation (#7. *%) and the im- 
portance of the nervous system demonstrated when the arrhythmias were 
prevented by stellate ganglionectomy, upper root excision and section of 
spinal lateral tracts down to C7. No protection was seen when sections 
were performed below D3, nor by mesencephalic sections, bilateral vago- 
tomy or lower dorsal sympathectomy. These experiments performed se- 
veral weeks after surgery, when no spinal shock was present, showed 
lack of positive correlation between protection from the arrhythmias and 
blood pressure changes. They also demonstrated that a trigeminal sti- 
mulation in the rabbit sent diencephalic impulses which travelled down 
through spinal lateral tracts, the spinal roots and the upper dorsal sympa- 
thetic nerves, and were able to stimulate the heart and to produce ven- 
tricular premature systoles. 

The demonstrated neurogenic mechanisms in the rat do not dis-ard 
that CaCl, may also be able to produce arrhythmias by directly acting 
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upon the myocardium. Such a direct arrhythmic effect has been demons- 
trated when high concentrations of CaCl. were injected into the heart- 
lung preparation. We think that this seldom, if ever, occurs with the 
advised standard doses, but it may explain the arrhythmias occasionally 
induced by CaCl, in rats with destroyed central nervous system. In 
these animals, the operative procedures may have reduced the circulating 
blood volume and consequently increased the effective levels of the in- 
jected CaCl,. Correction of hypovolemia with homologous transfusions 
almost uniformly prevented the arrhythmias in the decerebrated rats, 
probably by reducing the CaCl. to control levels. No blood mezsurements 
have been made in this respect, but an indirect confirmation of the sus- 
pected mechanisms is afforded in a previous report where it was demons- 
trated that homologous transfusions alone were not able to protect rats 
from the arrhythmic effects of standard doses of CaCl. (1%). It must 
finally be stressed that CaCl. also influenced other properties of the 
cardiac muscle, such as contractility and conduction, even in rats where 
changes in automaticity where prevented by autonomic blocking drugs, 
central nervous system destruction, etc. We are not vet able to decide 
whether changes in other fundamental properties of the myocardium 
play also a part in the arrhythmias induced by standard doses of CaCl». 

The cardiogenic origin of the arrhythmias induced by aconitine has 
been amply demonstrated by Scherf and his group (2) in dogs, by modi- 
fying its occurrence with local changes of the myocardium including 
cooling, stretching, burning, etc. Our method of inducing ventricular 
arrhythmias in rats with aconitine is a modification of Scherf’s, and 
further evidences of the local mechanisms involved in their production 
were afforded by showing that central nervous system destruction, a:to- 
nomous blocking drugs and bilateral vagotomy were not able to prevent 
ventricular arrhythmias to appear when aconitine was placed on the 
ventricle. Minute quantities of Nupercaine, a local anesthetic, when 
placed on the right ventricle, did however prevent these arrhythmias to 
appear when aconitine was subsequently placed on the same location, but 
not when aconitine was applied onto the left ventricle. 

The reported results show that the incidence of induced arrhythmias 
is very similar in different control groups. A direct correspondence of 
the ventricular arrhythmias induced in rats by CaCl. and by aconitine 
is, at best, very difficult since involved mechanisms are totally different 
and, also, the strength of the stimuli can not be evaluated but for their 
effects. Nevertheless, both procedures have been apparently very simi- 
larly standardized since in both instances the percentages of production 
of the arrhythmias as well as the effects of quinidine sulphate in the 
prevention of their occurrence, are similar. 

When experiments are planned, such as to include neurogenic and 
cardiogenic ventricular arrhythmias in the rat, the pathogenic mecha- 
nisms involved in the effects of many drugs can be evaluated, but great 
care in extrapolations from experimental results to conditions spontaneous- 
ly arising in man, must however be applied. 

As an example of the studies which may be made using the above 
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TABLE IV 


The effects of drugs upon experimental ventricular arrhythmias in the rat. 


Dose Number 
(mg/109 Positive results 
enimals after CaCl2* cfter aconitine* 

N? % N? % 
Procaine (24) 15 10 3 30 
Procaine (24) 30 10 1 10 
Frocaine (24) 30 10 8 80 
Procaine-amide (Squibb) (24) 5 10 8 80 
Procaine-amide (Squibb) (24) 10 10 1 10 
Procaine-amide (Squibb) (24) 5 10 4 40 
Procaine-amide (Squibb) (24) 10 10 3 30 
Quinine sulphate (24) 2 10 4 40 
Quinine sulphate (24) 2 10 1 10 
Quinidine sulphate (24) 2 10 2 20 
Quinidine sulphate (24) 2 13 3 23 
Carbaminoilcholine (19)** 0.01 10 7 70 
Carbaminoilcholine (23) 0.01 10 10 100 
Prostigmin (Roche) (19)** 0.05 10 6 60 
Prostigmin (Roshe) (23) 0.05 10 10 100 
Atropine (19) 10 10 2 20 
Atropine (23) 10 10 1 10 
Papaverine (Syntial) (23) 20 10 10 100 
Papaverine (Syntial) (23 2 10 4 4 40 
Paraverine (Syntial) (23) 4 5 5 100 
Opium (Pantopon, Roche) (23) 10 10 6 60 
Opium (Pantopon, Roche) (23) 10 10 0 0 
Morphine (23) 5 10 7 70 
Morphine (23) 5 10 5 50 
Nembutal (Abbott) (23) 12 10 2 20 
Nembutal (Abbott) (23) 12 10 6 60 
Pentothal (Lilly) (23) 10 10 4 40 
Pentothal (Lilly) (23) 10 10 6 60 
Evipan (Bayer) (23) 4 10 8 80 
Nupercaine (Ci>a) (23) 0.5 10 6 60 
Nupercaine (Ciba) (23) 0.5 10 6 60 
Nupercaine (Ciba) (23) 0.1 10 10 100 
Nupercaine (Ciba) (23) 0.1 10 4 40 
Antistine (Ciba) (23) 2 10 0 0 
Antistine (Ciba) (23) . 10 3 30 
Antistine (Cika) (23) 6 10 2 20 
Benadryl (Parke, Davies, Co) (28) 1 10 0 0 
Benadryl (Parke, Davies, Co) (28) 1 10 7 70 
Benadryl (Parke, Davies, Co) (28) 3 10 6 60 
Fenergan (Rhodia) (23) 1 10 1 10 
Fenergan (Rhodia) (23) 1 10 7 70 
Fenerean (Rhodia) (23) 3 10 6 60 
Pyribenzamine (Ciba) (23) 1 10 1 10 
Pyribenzamine (Ciba) (23) 1 10 9 90 
Pyribenzamine (Ciba) (23) 3 10 1 10 
Neo-Antergan (Rhodia) (23) 08 10 2 20 
Neo-Antergan (Rhodia) (23) 0.8 10 8 80 
Neo-Antergan (Rhodia) (23) | 24 10 3 30 


* See method ‘in text. 
** Results inadvertingly misquoted in the ortginal publication. 
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mentioned methods, a table summarizing the results obtained with several 
drugs is included (Table IV). 


SUMMARY AND CONCLUSIONS 


Standardized methods to induce ventricular tachycardia, flutter and 
fibrillation in rats are described. The results obtained by the injection 
of sympatholytic and autonomic blocking drugs, central nervous system 
destruction, the use of heart-lung preparations and the injection of Nu- 
percaine into the spinal fluid or onto the heart showed that advised doses 
of CaCl, induced ventricular arrhythmias mainly through neurogenic me- 
chanisms and that topical application of aconitine solution did the same 
through cardiogenic mechanisms. The advantages of the procedure here 
described over former methods are stressed and a table summarizing the 
results obtained with several drugs is included. 


We wish to express our appreciation to Prof. Blas Moia for his help during the 
completion of these experiments. 

The following Laboratories generously provided us with the drugs used in these 
experiments: Abbott Laboratories (Nembutal); Productos Quimicos CIBA S. A. 
(0.5 % Nupercaine solution); Dominguez (5 % quinidine sulphate); Dupont y Cia. 
(Tetranium, tetraethylamonium chloride); Merck Quimica Argentina (10 % calcium 
chloride) ; Sandoz S. A. (Hydergine); E. R. Squibb & Sons (Bistrium, hexamethonium 
bromide). 
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THE RELATIONSHIP OF THE GONADS AND ADRENALS 
TO THE GROWTH OF HAIR IN MICE AND RATS 


ALBERTO B. HoussAy, M. D.* 


(Institute of Biology and Experimental Medicine, Costa Rica 4185, 
Buenos Aires, Argentina) 


T= is considerable experimental evidence leading to the conclusion 

that the endocrine glands exert marked influence on the growth, 
texture and pigmentation of hair. Studies on rats, rabbits, mice, guine2 
pigs aud dogs support the conclusion that the endocrine glands partici- 
pate in the development and in the maintenance of normal hair patterns. 

We are going to limit our presentation to the action of the adrenals 
and the gonads upon the piliary sistem. A great progress in our know- 
ledge of this subject has been made in the last 4 years. 

Rats and mice are very closely related zoological species, and they 
behave in a similar way in many physiological reactions. The gereral 
distribution texture and growth of the hair coat are very much alike in 
both species. Their reaction to some endocrine alterations such as gona- 
dectomy is apparently very different, but they react in quite a similar 
way to other ones such as adrenalectomy or the injection of estrogens. 
The comparison between similar and dissimilar hormonal actions gives 
us a better understanding of them and enable us to draw conclusions of 
general biological value. 

Growth of hair in adult rats and mice is cyclic, every hair follicte 
has alternate periods of growth and rest (* 12). Hair growth is not uni- 
form, but there are centers of growth from which it spreads in waves 
all over the body (*5), Using pigmented animals, a dark pigmentation 
of the skin preceding the growth of the hair can be noticed. If ihe ani- 
mals are clipped these pigmented areas appear as one or more continuous 
bands running symetrically across the body (1+ 15). 

The time necessary to restore a normal hair coat in a clipped area 
varies according to the age and the stage of activity or quiesz:ense of the 
hair follicles. The younger the animal, the shorter the time the denuded 


* Ciba Fellowiship of the “Asociacion Argentina para el Progreso de las Ciencias”. 
for the year 1952. 
Received for publication September 2, 1953. 


| 

| 


GONADS AND ADRENALS ON HAIR GROWTH 233 


area takes to be covered by a normal coat. Individual variations are 
reduced if animals of the same age and weight are selected, litter-mates 
being equally distributed in the different groups. 

In our experiments, we have used as a criterion of the rate of hair 
growth the time necessary to restore a normal hair coat after close clip- 
ping of the back of the animals from the base of the tail to the neck. 


Hair growth in prepuberal rats and mice (2°) is quite different from 
the type already described. In them, hair grows at the same time on the 
whole skin. As an example we can mention the first normal coat that 
appears in every animal in the first week of its life. Hair follicles are 
in constant activity in prepuberal mice until sexual maturity, and if we 
clip the animals’ back during this period, the denuded area is pigmented 
and hair grows rapidly over all the surface in a period from 4 to 7 days. 


PATTERNS OF HAIR GROWTH 


Some endocrine or other influences may affect the hair follicles and 
alter its normal alternate cycles of activity and inactivity. For this rea- 
son, the pattern of hair growth upon a denuded area and the time 
necessary to restore a normal hair coat varies We are just going to 
mention some types of hair growth that appear in our experiments. 

The clipped areas may be covered by a normal coat of hair more ra- 
pidly or more slowly than those of the normal animals of the same age. 
sex, strain and species. According to the rate of hair growth, we can 
distinguish 5 types, from the fastest to the slowest. 

1st: Very rapid hair growth (Type+-+).— A'l the hair follicles are 
simultaneously and intensely stimulated and the whole denuded area is 
rapidly covered by a normal coat of hair. The stimulus has been so 
intense that the cyclic rhythm has disappeared. If there were some folli- 
cles already active in the denuded area, hair growth in these patches 
would precede the rest of the follicles. The former are distinguished at 
once as pigmented areas in the skin. This type of hair growth is cha- 
racteristic of prepuberal mice, gonadectomized mice, adrenalectomized 
mice and adrenalectomized rats. 

2nd: Rapid Hair Growth (Type+).—The alternate cycles are pre- 
served, but quiescent periods are shorter, and the waves of growth pro- 
ceed at a greater speed. The denuded areas are covered by a normal coat 
in a shorter time than normal control animals of the same age and sex. 
This type of growth is found in rats that are given thyroid and in some 
adrenalectomized rats. 

3rd: Normal Hair Growth (Type=).—It has been described above: 

4th: Slow hair growth (Type—).— Hair cycles are slower and the 
growth waves proceed at a slower rate to cover the denuded area. Very 
small doses of estrogens produce this type of inhibition. 

5th: Complete Inhibition of Hair Growth: (Type-——).— Hair fo- 
llicles are completely inactive and hair does not grow at all in the de- 
nuded area during the experiment. This inhibition may not be perma- 
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nent. Complete inhibition of hair growth is produced by high doses of 
estrogens. 


INFLUENCE OF GONADECTOMY 


There is a remarkable difference in the reaction of hair follicles to 
gonadectomy between rats and mice. 

In male or female adult mice belonging to certain pure strains, re- 
moval of the testicles or the ovaries induces a very rapid hair growth 


TABLE I 
Growth of hair in normal (N) and gonadectomized (G) mice. 
: Time in days to restore 
Animals b Range in age normal hair coat 
Strain Sex when clip- (Average)+ S. E. 
N G | N ee 
21 | 38 CBA M 38-139 95.0+89 | 215+08 | 
14 | 14 C M 67-141 60.6 + 10.0 20.5+0.6 || 
m4 14 C57 M 102-166 55.9 + 63 20.9+ 0.4 || 
4 5 Ce M 47-83 82.0 + 14.3 22.8+0.5 || 
4 20 | C3H M 66-252 98.2+143 | 20.2+1.0 | 
18 23 CBA F 38-99 114.7+6.4 | 229+10 | 
e=4 6 Cc F 65-177 80.0+ 19.9) 21.7+ 0.4 | 
2 20 C3H F 87-302 58.0+6.0 | 251411 | 


(type+-+), (2% 30). All the denuded area is simultaneouslv covered by a 
homogeneous coat of hair in the 3rd. week after clipping. We can appre- 
ciate this accelerated growth of hair in table I as well as the fact that 
there is scarcely any individual variation in the castrated mice. 

It is noticeable in these mice that, after gonadectomy, hair grows in 
the same way and in the same time whatever the strain, sex, and age of 
the animals. As a contrast, there is a great individual variation in the 
noncastrated littermates. 

From this experiment and from the difference between hair growth 
in prepuberal and mature mice, we may conclude that the ovaries and 
testicles, at their normal level of activity, inhibit the very rapid hair 
growth (type+-+) of castrated mice. 

Spontaneous alopecia is not uncommon in older C3H-C57 hybrids. 
Gonadectomy resulted in a prompt growth of greyish hair over the pre- 
viously denuded areas in 6 out of 11 mice (2%). We did not find this 
growth of hair in noncastrated mice. We do not know the reason why 
govadectomy is effective in restoring hair growth only in some alopecic 
mice. 

As we could expect, gonadectomy does not change the very rapid 
hair growth of inmature mice under 38 days old (2%). 
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On the other hand, gonadectomy does not change the rate of hair 
growth in male or female rats ('7), guinea pigs ('*) and other animals. 
These results are confirmed in the experiment shown in table II. 

We can see in this table that the average time to restore a normal 
coat of hair is nearly identical in normal and castrated rats. The indivi- 


TABLE II 

Growth of hair in normal (N) and gonadectomized (G) white rats. 
= 
Time in days to restore | 
Animals a | Age when a normal hair coat. | 
Sex clipped, (average + S. EL | 
N G | N G | 
8 9 M 38 56.5 + 1.8 38.4+1.2 || 
10 10 M 80 42.9+1.2 546415 | 


dual variations in the different groups were small owing to the fact that 
animals of the same age and weight, preferently litter-mates, were equa- 
lly distributed among the normal and castrated ones. 

From these experiments we may conclude that a physiologic level of 
ovarian or testicular hormones has no effect upon the growth of hair 
in the rat, 


GROWTH OF HAIR IN GONADECTOMIZED MICE BEARING ADRENAL 
GLAND TUMORS 


When mice of certain strains are gonadectomized, either nodular 
hyperplasia or adenomas develop some months later in their adrenal cor- 
tices (44 22.20). When mice of the Ce strain are gonadectomized, carci- 
noma of the adrenals develops in a very high percentage of ani- 
mals (4°. 32), 

These tumors may secrete estrogenic or androgenic hormones, 
(°° 22, 82.23) controlled by pituitary gonadotrophins (*3). These hormo- 
nal effects are recognized by the study of the secondary sexual charac- 
ters (29 32), 

We studied the action of the hormones secreted by these pathological 
adrenals upon the hair growth of castrated male and female CBA and Ce 
mice (1). 

In those mice which had been gonadectomized 6 to 7 months before 
clipping and in the adrenals of which, later, we identified various patho- 
logic states, normal] coats of hair were restored more rapidly than in the 
intact animals but much more slowly than in those animals which had 
been recently gonadectomized. 

We gather that the hormones produced by these pathological adrenal 
cortices inhibit the growth of hair in these castrated mice. In both male 
and female CBA mice, either nodular hyperplasia or adenomas were iden- 
tified in all adrenal glands and evidence of production of estrogens and 


| 

| 


236 HOUSSAY 


androgens was observed in the accesory reproductive organs. Either bila- 
teral or unilateral carcinoma was identified in the adrenal cortices of all 
the long term castrated Ce female mice, and evidence of production of 
estrogens or androgens was seen in most of the mice but not in all of 
them. In the Ce male mice nodular hyperplasia was identified in most 
of the adrenals, but no histological evidence of production of either an- 
drogens or estrogens was found. 

From this experiment we may conclude that the pathological adrenal 
cortices produces estrogens, androgens or perhaps other hormones that 
inhibit the very rapid hair growth (type++) of the adult castrated 
male or female mice. 


HAIR GROWTH IN HYPERESTROGENIC FEMALE RATS 


The removal of one ovary and a half, in a number of rats, increases 
the production of pituitary gonadotrophins and the ovarian fragment 
reacts to them by a continuous and intense production of estrogens which 
can be appreciated in the vaginal smears as a permanent oestrus. 

In order to see if a high blood level of estrogenic hormones exerted 
some action upon the normal hair pattern, we performed the following 
experiment. After the removal of one ovary and a half, hair was clipped 
on the backs of 44 rats, and 45 bilaterally castrated rats of the same age 
and weight were used as controls. Continuous oestrus was found in the 
vaginal smears of the first group and diestrus in those of the castrated 
rats. Blood levels of estrogens were measured by Dr. Del Campo using 
her own method (24). The growth of hair was noticed after 60 days. The 
results are shown in table III. 


TABLE III 
Hair growth in castrated and in hyperestrogenic female wh:te rats. 


| Estrogens Hair growth 69 cays 


Experiment Animals Ovaries Vaginal Blood level after clipping, 
removed UI estrone at Animals 
N? Weight | N? smears per liter 
ig Non com 
N? grs. | | (av te plete 
10 45 | 180-180 2 | Diestrus 0 38 7 
11 44 140-190 1% Continuous 10 5 39 
oestrus 


Using Dr. del Campo’s method, average blood levels of estrogens in 
normal rats are 0 in diestrus period and 2 International Units of estrone 
by liter in the oestrus period. 

In table III we can appreciate the inhibition of hair growth in the 
hyperestrogenic rats. In some of them it was complete (type ——), but 
most of them showed some hair growth (type —). 


| 
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From this experiment we gathered that high blood levels of estro- 
genic hormones inhibit the growth of hair in white rats. 
INFLUENCE OF ESTRADIOL BENZOATE 


Estrogens have a remarkable inhibitory effect upon the growth of 
hair in normal and castrated dogs (2*: 4%) guinea pigs, (4°), rats (46 47. 
18.27) and mice (°°). According to the amount of estrogens given to the 


TABLE IV 


Influence of estradiol benzoate upon the growth of hair in gonadectomized rats. 


| 
} 


| Hair growth during treatment 


Estradiol Ben-| Animals Hermene 
zoate, micro- | treatment Complete Non Com- 
grams daily | days _ plete 

| | | 
Ne Sex | Animals Animals 

0 3 F 130 .. 

0.0002 M | 0 

0.0002 5 F 130 ee 78.0 + 16.2 oe 

0.002 i 3 130 5 53.4 + 10.4 0 

0.002 5 F 130 5 484+ 14.9 0 
130 | | 64.2+17.7 0 

0.02 4 F 1320 4 | 65.5 + 22.2 0 

0.2 4 M 130 4 90.5 + 13.5 0 

0.2 4 F 130 4 103.5+108 0 

2 5 | M 130 1 130 | 4 


are seen; or it may be very intense, and in this case complete inhibition 
of every follicle (type ——) occurs. 

If these substances are given in high doses for a long time, the atro- 
phy of the hair follicles may be so intense, that hair falls spontaneously 
and the animal may be nearly denuded. 

We have seen above the different action of ovariectomy in rats and 
mice, and gathered that physiological amounts of estrogens produced by 
the ovaries of these animals were able to inhibit hair growth only in 
castrated mice, but not in castrated rats. To confirm this idea we tried 
to find the threshold of action of estradiol benzoate upon the hair growth 
in castrated animals of both species (28). The results in rats are shown 
in table IV. 

We can see in this table that the difference between the average 
time to restore a normal hair coat in castrated noninjected rats and that 
required to restore it in rats that have received daily amounts of 0.0002; 
0.002; 0.02 and 0.2 ug of estradiol benzoate, was not significant. Jn this 
experiment, inhibition of the rate of growth of hair in the castrated 
rats was only obtained with 2 ug of estradiol benzoate daily given sub- 
cutaneously. 


animal, the inhibition may be slight (type —) and then slow hair cycles q 
| 
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TABLE V 


Influence of estradiol benzoate upon the growth of hair in gonadectomized mice. 


_Hair growth during treatment | 
daily Strain ex = Mean time = 
| | 
0 38 CBA M _ | 38 21.5 + 0.8 Baa 
0 20 C3H M _- 20 | 20.2 + 1.01 0 
0 23 CBA _ 23 23.9 + 1.0 0 
0 20 C3H F — 20 9.1 211 0 
0 6 Cc F — 6 21.7+ 0.4 0 
0.002 8 C3H M 90 7 49.0 + 3.7 1 
0.002 4 C3H F 90 2 53.5 + 15.0 2 
0.02 7 C3H M 90 55 6 
0.02 8 C3H F 90 0 —- 3 
0.2 3 C3H M 90 4 $43 = 7.1 4 
0.2 3 C3H F 90 1 52 2 
4.1 4 CBA M 47 0 — 4 
4.1 4 CBA F 47 0 —— 4 
8.3 4 CBA M 47 0 ae el 
8.3 4 CBA | F 47 0 — a 4 
16.0 7 CBA M 49 —— 7 
16.0 8 CBA F 49 7 0 ce 8 
41.0 ‘f C I 49 0 me 7 


The action of estradiol benzoate upon the growth of hair in castrated 
mice is shown in table V, where two experiments have been inclu- 
ded (28. 30), 


In this table we can notice that every dose given inhibited the growth 
of the hair in the castrated mice. Besides, we can appreciate all degrees 
of hair growth: the very rapid hair growth (type+-+-) of the noninjec- 
ted adult, castrated male and female mice; the normal hair growth 
(type ==) of the mice receiving 0.002 ug daily of estradiol benzoate, and 
the complete inhibition (type ——) with the higher doses. 

If we compare the results presented in table IV with those in table V, 
we can notice that the smallest amount of estradiol] benzoate able to inhi- 
bit the growth of hair in this experiment, has been 0.002 ug daily in mice 


4 =— = | 
| 


GONADS AND ADRENALS ON HAIR GROWTH 239 


and 2 ug daily in rats. That is to say, that the threshold of sensitivity 
to estradiol benzoate of the hair follicles is 1000 times lower in mice 
than in'rats. As the rats used in this experiment were 8 times as heavy 
as the mice we employed, if we calculate the dose of estradiol benzoate 
per 100 g of animal, the difference of thresho!d is only 125 times (28). 

The dose of 0.002 ug of estradiol benzoate daily is smaller than the 
nhysiological amount produced by the ovaries of the mice, daily, and on 
the other hand, the dose of 2 ug daily is higher than the nhysiological 
amount produced by the ovaries of the white rats daily. This difference 
in the sensitivity of the hair follicles of both kinds of animals to the 
action of estrogens, explains the difference in the action of the removal 
of the ovaries upon the growth of hair in both species. 

If male white rats with hair growth comnletelv inhibited hv hich 
doses. (20 to 40 ue of estradiol benzoate dailv) are adrenalectomized. 
hair grows verv ranidly in all the denuded surface (tvne ++). But if 
these adrenalectomized rats, injected with the same amount of estrovens 
receive 10 ml of adrenal cortical extract (400 g of heef adrenal). dailv. 
by mouth. there is no hair growth (#4). This amount of adrenal cortical 
extract, given without estrogens. is unable to inhibit the erowth of the 
hair in adrenalectomized rats. This beautiful exneriment of Baker (*4) 
is a new example of the additive effects of adrenal cortical extracts and 
estroverns uvon the growth of the hair. The doses of these two suhs- 
tances in these experiments, when used senarately, are unable to inhibit 
the growth of hair in the adrenalectomized rats, but the additive action 
of these two subliminal doses inhibits it. 

The doses of estrogens necessarv to inhibit the growth of the hair 
are smaller in normal than in adrenalectomized rats, because of the addi- 
tive action of the nhysiologic level of adrenal hormones, and the estrogens 
administered by injection, 


INFLUENCE OF TESTOSTERONE PROPIONATE 


The action of the androgens upon the growth of the hair presents 
again an apparent cortradition. We have shown previously that castra- 
tion in male rats does not affect the growth of hair at all, as we can see 
in table IT and, on the contrary, castration in male mice produces an in- 
tense acceleration in the rate of hair growth (type ++) (2%). as we can 
see in table I. We can conclude, therefore that physiological doses of an- 
drogens produced by the testicles inhibit the verv ravid hair growth 
(type ++) observed in castrated mice transforming it into the cyclic 
growth seen in normal mice (type ==), but have no action upon the growth 
of hair of the castrated male rats. 

Testosterone propionate has an intense inhibitory action upon the 
hair growth of castrated mice (°°). An amount of 50 ug daily in peanut 


oil produces complete inhibition (type ——) of hair growth in the cas- 
trated females whereas in castrated males, partial inhibition (type —) 
is produced with 125 ug daily and total inhibition (type——) with 


250 ug daily. We do not know the reason why thresholds are different 
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in castrated animals of each sex, nor the role of physiological levels of 
adrenal cortical hormones in this difference. 

Testosterone propionate produces inhibition in the hair growth of 
rats only if high doses are employed ('*: 27). In our experiments a daily 
amount of 1 mg of this substance, subcutaneously, inhibited the normal 
growth of hair in white rats (type —). 


INFLUENCE OF ADRENALECTOMY 


The removal of the adrena's accelerates the growth of hair in both 
rats and mice, 
In all strains of rats hair grows more rapidly after adrenalectomy, 


(4.8.37) in some of them at a very rapid rate (type-+-+) with simulta- 
neous stimulation of all hair follicles ('), but, in other strains, rapid 


TABLE VI 
Growth of hair in gonadectomized and adrenalectomized mice. 


Time in days 


Number Strain Sex Conad- Adrenal. | . restore normal 
of | eX ectomy ectomy hair coat. (averaze) 
mice + §.E. 
21 CBA M 6 0 95.0 + 8.9 
38 CBA M xX 0 21.5+0.8 
11 CBA M xX 23.2 
10 CRA M x xX 20.8 + 1.3 


air cycles (type |) are seen. Although there is a considerable indivi- 
dus’ variation, a state of accelerated growth may be maintained for a 
number of weeks after adrenalectomy. Some rats recover a normal hair 
pattern rapidly, due probably to the development of accesory adreno- 
cortical tissue (1). 

In adult male and female mice, adrenalectomy produces a very rapid 
hair growth (*!) (type+-+). This pattern of hair growth is identical 
to that produced by removal of the testicles or the ovaries. All hair 
foilicles are intensely and simultaneously stimulated. Im the exreriment 
shown in table VI the actions of adrenalectomy and gonadectomy and 
gonadectomy upon the hair growth in mice are compared. 

In this experiment, we can appreciate that hair grew at the same 
time and in the same way in adrenalectomized mice, gonadectomized 
mice, and adrenalectomized gonadectomized mice (*!). Growth of hair 
in these three groups is much more rapid than in normal mice of the 
same age. Individual variations in the times needed to restore a normal 
coat of hair, were very small in these three groups, as contrasted with 
the great variations in normal mice. 

From these experiments we may conclude that a physiological level 
of adrenal cortical hormones inhibits the very rapid growth of hair in 
the adrenalectomized rats and mice. We can also gather that the addition 
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of physiologic amounts of androgens and adrenal hormones inhibits the 
very rapid growth of hair of mice without adrenals and testicles. 


INFLUENCE OF ADRENAL CORTICAL HORMONES 


We have already explained that adrenalectomy greatly accelerates 
the growth of hair in rats (4: ***) and mice (*!), and have also gathered 
that physiological amounts of adrenal cortical hormones inhibit the very 
rapid hair growth (type ++) of adrenalectomized animals transforming 
it in the cyclic type (type=) seen in normal rats and mice. 


TABLE VII 
Influence of adrenal cortical extract upon the growth of hair in normal mice. 
Time in days te 
Hormone Animals restore normal 
| treatment hair coat. 
Strain Sex (average) + S-E. 
| | 
— 8 CBA M 42 — 56 130.9 ~: 6.4 
ACE 1:10 7 CBA M 42 —. 56 126.6 + 4.5 
—--= 12 CBA F 42 — 56 117.3 = 6.3 
ACE 1:10 ) CBA i’ 42—.F°& 110.5 6.8 


Treatment of adult male rats with 1 to 3 mg of adrenocorticotrophin 
daily results in practically complete suppression of growth of hair (*). 
Inhibition of hair growth in rats and mice has been produced with 
adrenal cortical extracts, cortisone acetate, other C-11 oxygenated steroids 
and desoxicorticuosterone acetate (42 30 1), 

Small doses of adrenocortical extracts inhibit the very rapid hair 
growth (Type+-+-) of adrenalectomized rats (*5) whereas only very 
high doses (50 ml of beef adrenal extract daily) could inhibit the cyclic 
hair pattern (type—) of the normal rats (1). Small doses of adrenal 
cortical extracts (dilution 1:10 in water daily, ad libitum), completely 
inhibit (type ——) the very rapid hair growth of gonadectomized mice 
(type +-+-) (°°), as shown in tab’e VIII, while the same dcse does not 
change the cyclic hair pattern (type=) of normal mice, as shown in 
table VII. 

The adrenal steroids produce the hair growth inhibition either by 
parenteral (°8 8°) or percutaneous route (1 42). 

Much smaller doses are require! ‘1 local application then in paren- 
teral one. In both cases C-11 oxygenated steroids are much more effective 
than desoxycorticosterone acetate (': 42 °°). 

Baker has found that the order in the growth retarding potencies of 
adrenal steroids, compared by observing the inhibition of hair growth in 
the rat by local application of the hormones, is the following: 17-hydroxy- 
corticosterone (Compound F), 17-hydroxy-11-dehydrocorticosterone (Cor- 
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TABLE VIII 
Influence of adrenal hormones upon the growth of hair in gonadectomized mice. 


Hair growth during treatmeat 


Animals H 
ormone Cc let Non 
N? Strain Sex | Mean time 
Animals SE. days| 
) 38 CBA M 38 21.5 + 0.8 0 
0 14 C57 M 14 209+ 0.4 0 
0 20 C3H M 20 = 10 0 
0 23 CBA F — 23 23.9 + 1.0 0 
0 20 C2H F — 20 25.3. = 1.1 0 
| 
ACE 1:20 4 CBA M 47 } 1 36. | 8 
1:10 5 C57 M 60 1 46. 4 
1:10 7 CBA M 51 | O — 7 
1:20 6 CBA F 47 } 3 30.38 + 3.16 | 3 
1:10 7 | CBA F 51 — 7 
| 
CA 0.1 mg, 5 C57 M ii 26 5 206+1.1 | 0 
C.5 mg 5 CBA M 23 5 os 37 | 0 
1.0 mg} 3 CBA M 36 3 18+ 28 0 
0.1 mg} 5 CBA F 47 4 $2.5 + 1.6 0 
0.5 mg| 5 CBA F 51 2 | 29. +3.5 | 3 
1.0 mg| 4 CBA F 47 1 29. | 3 
| 
CA 025 mp 10 C3H F 105 0 aa 10 


tisone), Corticosterone (Compound B), 11-dehydrocorticosterone (Com- 
pound A) and 11-desoxycorticosterone (47). 

Cortisone acetate inhibits hair growth in rats locally in doses of 5 
to 10 ug daily by local application ('- 4!) and in doses of 250 ug daily by 
subcutaneous injection it produces general inhibition (type—) (28 »!*). 

In mice, cortisone acetate is also much more effective than desoxi- 
corticosterone acetate in producing general inhibition of hair growth, 
giving one subcutaneous injection daily (°°). The effects in gonadecto- 
mized mice are shown in table VIII. 

The adrenal cortical extract was given in the drinking water and 
was thus constantly available. Each ml of the extract, the equivalent 
of 75 mg of adrenal tissue, was diluted in either 10 or 20 ml of tap water 
and placed directly into water bottles attached to the animals’ cages. 
The 1:10 dilution produced complete inhibition of hair growth (type — —) 
in the castrated mice and the 1:20 dilution, partial inhibition (type =). 

We can see in table VIII that the effect of desoxycorticosterone ace- 
tate was very slight. There was no inhibition in castrated males with 
doses ranging from 0.1 and 1.0 mg and in castrated females with 0.1 mg. 


| | 
| 
| 
| | 
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There was a slight inhibition (type—=) in castrated females receiving 
0.5 and 1.0 mg. 

On the contrary, cortisone acetate, administered for 105 days in 
doses of 250ug daily, inhibited the hair growth of gonadectomized mice 


completely (type ——). The inhibition produced by this dose was much 
stronger (type —-—) in castrated mice, than in castrated rats (type si 
(28 bis) | 

DISCUSSION 


Comparing the studies on the action of the gonads and the adrenals 
on the growth of hair in rats and mice, we can draw interesting conclu- 
sions. Both kind of animals obey to the same general biological laws, 


(Paes 


+ COMAD) 
| GROWTH OF THE HAIR | 
Fic. 1.— Hormonal control of the rate of growth of the hair in rats and mice. 


though they react in a different way to certain stimuli, in our case to 
hormones. 

From the actual experimental evidence we can gather that ines 
are two endocrine glands that stimulate the growth of hair in rats and 
mice: the pituitary (1% 39. 36) and the thyroid (* 1 1 5) and two en- 
docrine glands that inhibit it, the adrenals and the gonads (ovaries and 
testicles). This is shown in figure 1. 

The pituitary gland has manyfold actions. Hypophysectomy retards 
hair growth (1° 39) (type—) and crude pituitary extracts or growth 
hormone restore normal hair growth (19. 39.1). On the other hand hair 
growth is intensely inhibited by adrenocorticotrophin (*) or gonado- - 
trophins. 

The same schematic representation is applicable to the action of the 
endocrine glands on the development of the thymus and lymphoyd tissue 
in general showing that their action on hair growth is only a small part 
of the endocrine regulation of other growth processes. 

The most rapid pattern of hair, called by us type+-+, is that 
produced by intense, simultaneous and continuous stimulation of all the 
hair follicles of the animal with rapid growth of hair in all the surface 
of the body. This type of hair growth is found in prepuberal rats and 
mice, adrenalectomized rats (7) and mice (1°) and gonadectomized mi- 
ce (29). 

Adrenal C-11 oxygenated steroids, estrogens and androgens, inhibit 
this rapid growth and enable the hair follicles to acquire a cyclic rhythm 
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with periods of activity and rest that permits a gradual hair growth over 
the surface of the body. In physiological conditions these hormones act 
simultaneously using small amounts of each, This can be seen in both 
rats and mice with some differences. The widest one is the difference 
in the sensitivity of their follicles to the estrogens and the androgens. 


¢ 

N 
| 
| / 
(<= 
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Fic, 2. — Influence of the gonads and adrenals upon the patterns of hair growth. 


The threshold of sensitivity to estradiol benzoate of the hair follicles 
is 1000 times lower in mice than in rats. If we calculate the dose per 100 
g of animal, the difference of threshold is only 125 times (**). 

The threshold of sensitivity to testosterone propionate of the hair 
follicles is 125 ug daily in male mice and much lower in female mice (#°). 
It is very high in the white rat. 

This difference in thresholds explains the remarkable contrast in the 
action of castration upon the growth of the hair in both species. 

The three hormones act in the physiologic inhibition necessary to 
keep the cyclic rhythm of normal hair growth, but, in the rat, the action 
of adrenal hormones predominates markedly, whereas, in mice, the action 
of both adrenal and gonadal hormones is quite evident. 

The hair coat in both rats and mice is not sexually conditioned. In 
man there are 2 types of hair: the skull hair and the sexual hair; the 
latter is an example of hair whose threshold of sensitivity to some hormo- 
nes is very low. 


SUMMARY AND CONCLUSIONS 


1) The action of the gonads and the adrenals upon the growth of the 
hair in rats and mice has been compared. 

2) In male or female adult mice belonging to certain pure strains, 
removal of the testicles or the ovaries greatly increased the rate of hair 
growth. On the other hand, gonadectomy did not change it in male or 
female rats. 
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3) The removal ot the adrenals accelerated the growth of hair in 
both rats and mice. 

4) In both kinds of animals, high non-physiological doses of adrenal 
cortical hormones and sex hormones inhibited the growth of hair. 

5) The difference in the action of castration is due to the difference 
in sensitivity of hair follicles to the action of estrogens and androgens. 

6) The normal cyclic rhythm of hair growth is regulated physiolo- 
gically in rats by the inhibitory action of adrenal C-1l1 oxygenated 
steroids, and in mice by the inhibitory action of adrenal C-11 oxygenated 
steroids, estrogens and androgens. 


The expenses of this work have been partly paid for with a grant of Smith, Kline 
and French. 

The Estradiol benzoate used in this work. has been generously provided by the 
Schering Corporation, New Jersey. 
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STUDIES ON THE RELATION OF CATHEPSINS 
TO PROTEIN SYNTHESIS. THE EFFECT 
OF HORMONES * 


L. C. JUNQUEIRA AND HANNA A. ROTHSCHILD 


(From the Laboratory for Cell Physiology, Faculdade de Medicina, 
Sdo Paulo, Brasil) 


—— investigators have reported on the role of cathepsins on 
protein synthesis (Bergmann and Fraenkel-Conrat, 1937, Anson, 
1940, Linderstrom-Lang, 1949, Fruton, 1950, Brachet, 1951). Little is 
known, however, about the physiological effectiveness of this process. 
Brachet (1951 p. 6) very correctly sums up the present state of the 
problem: La question demeure bien obscure: les hypothéses ne font pas 
défaut, mais on manque encore des preuves. C’est pourquoi toute con- 
tribution experimentale au probléme ne peut qu’etre la bienvenue, meme 
si elle n’apporte pas de solution d’ensemble. Participation of proteolytic 
enzymes in protein synthesis is possibly due to the reversibility of enzy- 
matic reactions. Meyerhof and Green’s (1950) experiments have streng- 
thened this hypothesis, for they demonstrated the participation of phos- 
phatase in the synthesis of organic phosphorus compounds, in spite of 
the fact that the equilibrium values were such as to consider phosphatases 
practically irreversible enzymes. 

A priori three functions of cathepsins in the cells may be considered: 
1) participation in protein synthesis; 2) participation in protein degra- 
dation; 3) participation in both processes. The first hypothesis may be 
subdivided as follows: a) participation in the protein synthesis of basic 
cytoplasm; b) participation in the protein synthesis of secretory granu- 
les; c) conjugation of both processes. The second may be subdivided: 
a) participation in the degradation of cytoplasmic protein; b) participa- 
tion in the degradation of foreign proteins (as in the case of macropha- 
ges). In order to test each of these hypotheses it is advisable to select 
a suitable biological test object. In Table I are summarized the hypo- 
theses and the biological test objects chosen for the experiments to veri- 
fy them. 


* This paper was aided in part by grants from the “Conselho Nacional de Pesquizas” 
and “Comissao de Pesquiza da Universidade de Sao Paulo”. 
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TABLE I 


Hypothesis on the Possible Functions of Cathepsins and the Biological Reagents 
Selected to Test Some of Them Experimentally. 


Hypothesis Biological Reagent 
General Subdivision 


a) Kicneys of castrated mice as 
compared to those of castrated- 


1 testosterone treated specimens. 


Basic cytoplasm 
Participation in 
b 


Excretory duct-ligated mice 
submaxillary glands. 


processes of 
Normal mice submaxillary glands 
Secretory granules as compared to the excretory duct 
ligated specimens. 


bo 


protein 
3) Basie cytoplasm Seminal vesicles of castrated rats 
} plus secretory as compared to those of castrated- 
synthesis of granules testosterone treated specimens. 
a) Seminal vesicles of normal rats as 
compared to those of eight-days 
: castrated specimens. 
Participation in 1) Cytoplasmic protein 
processes of b) Lymph nodes of cortisone treated 
protein rats as compared to normal 
degradation of control. 
2) Foreign protein Not studied. 
Participation in processes of Not studied. 


protein synthesis plus degradation 


Androgens promote an increase in the size of the kidney cortex cells 
(Selye, 1939) without production of secretory granules. Kidneys of tes- 
tosterone-treated mice are convenient to test the participation of cathep- 
sins in the cytoplasmic protein synthesis. 

The ligation of the submaxillary gland excretory ducts of mice (li- 
gated glands) abolishes the synthesis of secretory granules, but not those 
Lrocesses concerned with the maintenance of life and cytoplasmic 
structures (Junqueira, 1951). The study of the catheptic activity of 
ligated and control glands thus offers the possibility of considering the 
participation of cathepsins in the synthesis of cytoplasm and secretory 
eranules. 

The comparison between the catheptic activity of seminal vesicles of 
castrated and of castrated-testosterone-treated animals may give a clue 
23 to the participation of these enzymes in both synthesis: basic cyto- 
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plasmic proteins and secretory granules. It is known that testosterone 
increases the cell size in those organs, stimulating also secretory proces- 
ses (Moore and Price, 1938). 


To test the hypothesis of the participation of cathepsins in cytoplas- 
mic protein degradation, two methods were used by which incre®sed pro- 
tein catabolism was experimentally induced, Atrophying seminal vesicles 
of castrated rats and lymph nodes of cortisone-treated animals were com- 
pared with normal controls (Cortisone promotes an atrophy of lvmphoid 
tissues, Dougherty and White, 1945). As previous studies have demons- 
trated the action of testosterone on cathepsins in vivo (Rothschild and 
Junqueira. 1951), we present here the results from experiments testing 
the possible activation of these enzymes by the hormone in vitro. 


EXPERIMENTAL 


Adult male albino mice and rats were used in the exneriments. 
Cathepsin activitv was measured according to Anson (1938). with elobin 
as the substrate instead of hemoglobin. Incubation was for 30 minutes 
at 37°C The method assavs a complex of cathepsins. Probablv the acti- 
vitv of Bergmann’s (Fruton. Irvine and Bergmann, 1941) cathensins T 
and IT are mainlv measured. for these enzymes are both endoneptidases 
and therefore act more efficiently in short incubation periods as those 
used here. Cathensin activity is expressed both as micrograms of tyrosi- 
ne set free by 100 mes of fresh weight and as related to the desoxvribo- 
nucleic acid phosphorus (DNAP) content of the tissues. The latter is 
probably the more satisfactorv manner of expressing results since the 
influence of changes in cell size is minimized. If the assumption that 
the DNAP content of the nuclei of tissues of treated animals and their 
contro!s is the same. proves to be correct. our results could he expressed 
on a per-cell basis. DNAP was assayed in 0.5 cc aliquots of 2 per cent 
aqueous homogenates (Rabinovitch et al, 1952). All results are exnressed 
as the mean +s, s being the standard deviation. Significance of the data 
was studied by the ¢ test (Snedecor, 1946). Values of t corresnonding to 
a probabilitv of 0.05 or less were considered as indicating statistically 
significant differences. Data in Table IX were analyzed by the F test 
(Snedecor, 1946), 

Experiments on the incorporation of C14-glycine (CH»NH.»C'*OOH) 
into the proteins of the salivary gland of rats were performed in vivo. 
The right salivary gland excretory duct was ligated, remaining the left 
gland as control, and 26 days later 5 mgs of C14-glycine in 1 ce was in- 
jected intraperitoneally. The animal was killed 3.75 hours after the in- 
jection. Both salivary glands were immediately dropped into 2 cc of ice- 
cold 10 % trichloracetic acid (TCA), homogenized, and centrifuged. The 
precipitate was freed of C14-glycine and lipids by two washings with 
4% TCA, one washing with 4% TCA, at 90°C for 15 minutes, one 
washing with 4% TCA, one washing with absolute ethanol, three wash- 
ings with a 3:1 mixture of ethanol-ether at 65° C for 5 minutes and one 
washing with a mixture of ether-acetone-petroleum ether (3:0.5:6). The 
washed protein was dried in air, plated in steel plates in a mixture with 
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ether-acetone-petroleum ether and dried in air. Counts were made with 
a Radiation Counter Laboratories three-position gasflow counter. These 
isotope experiments were performed by one of us (H. A. Rothschild) in 
Dr, E. S. G. Barron’s laboratory at the University of Chicago. 


RESULTS 

The measurements of cathepsin activity in kidneys of castrated and 

of castrated-testosterone-treated mice are summarized in Table II. A 
TABLE II 


Catheptic Activity of Castrated and Castrated-Testosterone Treated 
Adult Male Mice Kidneys'. 


| Number | Body Kidney ug Tyrosine 
Treatment of Weight Weight 100 mg per 
| animals | (g) (mg) DNAP 


Control group, 40 days of | | 
castration 10 |28.2 + 4.5|324.6 + 32.5 |540.0 +/ 197.6) 12.34 + 4.04 


Treated group, 30 days of | 


castration plus 10 days| 11 |36.83+ 6.9) 600.7 + 69.3/431.8 + 112.8) 16.51 + 4.92 
testosterone treatment?, | 


1 Only the cortical zone of the kidney was used. 


2 15 mg testosterone propionate implanted on the 31st day of castration and 2.5 mg 
oil dissolved testosterone propionate injected on the 6th after implantation. 


significant increase was observed (P < 0.05) in the catheptic activity of 
the cortical zone in kidneys of castrated-testosterone-treated mice as com- 
pared with those of the castrated specimens. However, when the enzyme 
activity was related to the wet weight, the difference between the two 
groups was not significant. The histological aspect of treated and con- 
trol kidneys showed an evident hypertrophy of cortical tubular cells. 

The experiments with the submaxillary glands of normal and ligated 
glands are presented in Table III. A significant decrease was observed 
(P < 0.01) in the catheptic activity of ligated glands compared with 
their normal controls, whether related to the wet weight or to the DNAP 
content. The catheptic activity was decreased by 60 % in the ligated 
glands. In the histological sections there was an abundant amount of se- 
cretory granules in the control gland and an absence of these granules in 
the duct-ligated glands. The inhibition of protein synthesis observed in 
the sections was further verified in experiments in vivo where rats with 
one ligated gland were injected (as already described) with C14-glycine. 
The specific activity of the C14-protein was in the controls 100 counts/ 
min/mg protei». whereas in the ligated gland it was 64, an inhibition of 
36 % (Table IV). 
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TABLE III 


Catheptic Activity of Normal and Excretory Duct-ligated Adult 
Mice Submazxillary Glands}. 


Number Body Tyrosine | »g Tyrosine 
Treatment of Weight per 
animals (g) per 100 mg DNAP? 
| 
Left normal gland 7 $1.0 = 1.7 756.4 + 51.4 17.97 


Right gland. 
Excretory duct ligated 7 31.0 + 1.7 541.4 + 74.0 10.35 


25 days previously 


1 Duct ligation was performed as previously described (Junqueira, 1951). 


2 The values for the DNAP content were obtained from glands of another similarly 
treated group of animals. 


TABLE IV 


Effect of Duct-ligation on the Incorporation of C14 into the Proteins of Rat Sub- 
maxillary Glands. (Glycine-1-Cl4 injected into rats 26 days after ligation of one 
salivary gland excretory duct, and 3.75 hours before death). 


Rat Weight Gland Weight in Mgs. pth Pater 
Control Ligated Control Ligated 
260 250 118 96 68 
290 | 296 93 107 63 
208 | 202 67 98 62 : 


The results of the assay of catheptic activity in the seminal vesicles 
of castrated: and castrated-testosterone-treated rats are shown in Table V. 
There was a significant increase (P < 0.01) of the cathepsin activity of 
the testosterone-treated seminal vesicles as compared with those of the 
controls. This difference was found both when related to wet weight and 
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TABLE V 


Catheptic Activity of Castrated and Castrated-Testosterone Injected 
Adult Male Rats Seminal Vesicles. 


| Seminal | 
| Number Body Vesicles & Tyrosine | “® Tyrosine 
Treatment Weight | | per ug 
(g) Weight | per 100 mg DNAP 
(mg) | 
ontre! groun! 10 253.5 + 18.6} 61.7 + 13.5' 181.5+ 51.8 | 3.78 + 0.90 
Testosterone treated 
group- 10 253.5+ 25.8/| 384.9+ 6.3 | 359.0 + 125.9) 11.88 + 4.20 
| 


1 30 days castration plus 5 alternate subcutaneous oil injections in 10 days. 


30 days castration plus 5 alternate subcutaneous 5 mg oil dissolved testosterone 
propionate in 10 days. 


TABLE VI 


Catheptic Activity of Normal and Castrated Adult Male Rat Seminal Vesicles. 


Seminal | 
Number Body Vesicles |:¢ Tyrosine Tyrosine 
Treatment of Weight Weight | per 100° me | per ug 
i ' | DNAP 
animals | (g) (mg) 
Normal! control 1235.7 + 31.7 | 226.8 + 59.3 |390.0 + 76.8 | 16.51 + 6.87 
Castrated 8 days 
previously | 8 201.9 + 35.3 | 96.2 + 50.2 421.9 + 90.0 9.00 + 0.89 


to DNAP content. The histological aspect of these glands, shows an 
atrophy of the seminal vesicles from castrated animals as compared with 
those from testosterone-injected animals. The data on the catheptic acti- 
vity in seminal vesicles of normal and castrated rats are summarized in 
Table VI. There was significant decrease (P < 0.001) of the cathepsin 
activity of castrated rat seminal vesicles as compared with their normal 
controls. When the cathepsin activity was related to wet weight, the dif- 
ference between the two groups was not significant. 


The data obtained in the experiments with the lymph nodes of nor- 
mal and cortisone-treated rats are presented in Table VII. The difference 
in the cathepsin activity of the groups was not significant. When related 


| 


HORMONES ON PROTEIN SYNTHESIS BY CATHEPSINS 253 


to the wet weight there was a significant decrease of the catheptic acti- 
vity of the cortisone-treated lymph nodes as compared with their normal 
controls (P < 0.01). 

The results obtained on the effect of methyltestosterone on catheptic 
activity in vitro are summarized in Table VIII. No significant difference 


TABLE VII 


Catheptie Activity of Control and Cortisone Injected Adult Male 
Rat Cervical Lymph Nodes 


| 
Number Body Lymph nodes. \ug Tyrosine 
of Weight Weight | Tyrosine ug 


Treatment 
animals| (g) | (mg) | Per 100 mgs) 


Saline injected controls 5 302.0 + 31.1| 189.7 + 64.8 /1228.0 + 156.6/ 10.03 + 2.97 


Fourteen daily 5 mg. 
Cortisone in 1 ml 


subcutaneous saline 5 213.0 + 26.6] 52.4+ 19.6) 702.0 + 176.8/13.91 + 2.43 
injections 
TABLE VIII 
Action of Methyltestosterone on Submavxillary Gland Ca heptic Activity in Vitro. 
Number of | pg Tyrosine 
Treatment Tubes | per 100 mg 
Control 20 933.8 + 76.9 
Methyltestosterone M/50 10 954.2 + 58.4 
Methyltestosterone M/100 10 921.8 + 117.2 
Methyltestosterone M/200 10 936.3 + 78.1 
Methyltestosterone M/500 10 908.6 + 65.9 


was observed between the several groups —an indication that no enzyme 
activation occurred. 


DISCUSSION 


In all experiments where a net increase of protein was observed, our 
results demonstrate an increase of the activity of the cathepsins which 
were studied. If the degree of cathepsin activity follows the intensity of 
the process in which these enzymes participate, it is reasonable to postu- 
late a probable relation between cathepsin activity and protein synthesis. 

The data obtained in the experiments with kidneys of castrated and 
castrated-testosterone-treated mice, as well as those with submaxillary 
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glands suggest a participation of the cathepsins in basic cytoplasmic pro- 
tein synthesis. The results of the assays of theicatheptic activity in mice 
submaxillary glands and in seminal vesicles of castrated-testosterone- 
treated rats, as compared with their controls, lead to the conclusion that 
these cathepsins may also participate in secretory granules synthesis. 
These results are in agreement with those of Porter and Melampy (1952), 
published after this work was completed. They found that the catheptic 
activity and the total N content of the seminal vesicles diminished gra- 
dually after castration, and increased on injection of testosterone. 

In organs with increased protein catabolism there was no increase in 
catheptic activity, suggesting that the cathepsins assayed are not related, 
under the conditions of our experiments, to protein degradation. It should, 
however, be borne in mind that our data are merely the result of experi- 
ments which were planned as the base for further investigations. 


We have as yet been unable to find adequate biological reagents to 
test the hypothesis of participation of cathepsins in foreign protein de- 
gradation or their participation in the combined processes of protein 
synthesis and degradation. The literature too is scanty. Gol’dshtein and 
Gintsburg (1936) and Gol’dshtein and Tsiperovich (1938) studied the 
cathepsin activity in embryonic and growing tissues; Schultz (1949) in 
liver and kidney of fed and fasted animals; Norberg (1950) in regene- 
rating liver. Their results suggest participation of these enzymes in pro- 
tein synthesis. The observations of Patterson, Dackermann and Schultz 
(1949) may also be recalled: they found an increased endopeptidase acti- 
vity (N-benzoil-l-arginineamide as substrate) in histolyzing Drosophila 
salivary glands. 

The data presented here on the action in vivo of androgens on the 
catheptic activity in different organs are in agreement with experiments 
previously published (Rothschild and Junqueira, 1951) and speak in fa- 
vor of studying this action of different androgenic compounds as com- 
pared with the so-called anabolic action of androgen. 

It may finally be pointed out that whereas no significant differen- 
ces between the treated and the control groups were seen when related 
to the wet weight, the values became significant when related to the 
DNAP content of the tissues, except in the experiments with cortisone- 
treated animals. This difference shows the importance of considering 
the DNAP content as indication of cell population in experiments where a 
variation in cell size occurs, modifying the number of cells per unit of 
weight. 


The authors are grateful to Ciba Company and Schering for the hormones furn- 
nished and to J. Santos and M. C. Rosa for technical assistance. 


SUMMARY 


The catheptic activity (mainly of cathepsins I and II) of different 
organs was studied in conditions of experimentally enhanced protein 
synthesis or degradation. An intensified catheptic activity was found in 
kidneys, seminal vesicles, and submaxillary glands in which a protein in- 
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crease was induced. Inhibition of protein synthesis in ligated submaxillary 
glands was corroborated in experiments with C!*-labeled glycine. 


No increase of catheptic activity was observed in atrophying seminal 


vesicles and lymph nodes. 


The significance of these results is discussed. 
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A HEART-LUNG PREPARATION IN THE RAT * 


M. R. MALINOwW, F. F. BATLLE, AND B. MALAMUD 


URING the course of investigations related with experimentally indu- 

ced ventricular arrhythmias in the rat, it was felt desirable to study 
the results obtained when the heart was isolated from nervous influences. 
In heart-lung preparations, the heart is isolated from nervous influences, 
as it was shown in the study of fundamental problems of cardiac physio- 
logy which were mostly conduced in cats and dogs (1). These methods, 
slightly modified, have also been applied to rats during some metabolic 
studies (2), but the procedure is still liable to be furtherly simplified. It 
was then developed a heart-lung preparation which we are presently pre- 
senting because this method has not been to our knowledge previously 
described and also, because it can be adapted to metabolic research or 
modified into a heart-liver-lung or a heart-brain-lung preparation, 

Besides the usual surgical instruments, a plastic catheter, 15 cm long 
and 1.5 mm O.D. is needed. Ordinary electric wire insulation is suitable. 
One of the endings is prepared by previously (one or two days) inserting 
a wire and bending it to approximately 60°. This “Cournand way” of 
ending helps contouring the arotic arch, as it will be shown. Bevels are 
cut in both ends of the catheter, which is filled before using with hepa- 
rinized physiologic saline. 

White albino rats of the Williams strain were used. The animals 
weighted 250 to 400 gm and were anesthetized with Nembutal** intrape- 
ritoneally, 6 mg/100 gm of a 0.6 % solution in distilled water. The rats 
were placed on the back and, with a clean but not sterile technique, a 
jaw to pubis incision was made. The trachea was dissected free and was 
cannalized with a 1.5 mm O.D. needle in order to give intermittent posi- 
tive pressure respiration. The thorax was now open with a midline trans- 
sternum incision and the aortic arch dissected with a cotton covered wire. 


* From the Pabellén de Cardiologia ‘(Luis H. Inchauspe”, Chief: Prof. Blas Moia, 
Hospital Ramos Mejia and the Servicio de Cardiologia, Chief: Dr. F. F. Batlle, Hos- 
pital T. Alvarez, Buenos Aires, Argentina. 

** Abbott Laboratories generously provided us with the Nembutal used in these 
experiments. 


Received for publication September 2, 1953. 
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When the three emerging vessels are visualized, a thread is placed around 
each one and a fourth thread around the aorta, distally to the third emer- 
ging artery (Fig. 1.) 

An abdominal incision was then made, the aorta and the inferior vena 
cava are dissected and identified with two threads each, both distal 
threads being tied. The straight end of the catheter is introduced appro- 
ximately one cm into the cut inferior vena cava and the remaining thread 


A heart lung preparation is shown in a rat. The bent end of the catheter has 
been fixed at the aortic arch, the other end has been introduced into the inferior 
vena cava. (Described in text). 


is snuggly tied around it. One cc of heparinized physiologic saline is 
tnaen injected into the rat and the “Cournand” end of the catheter, intro- 
duced through a small incision into the aorta, above the renal arteries. 
The proximal thread, gently tractioned, prevents leakings and is tied 
after the catheter is properly placed. The catheter is managed up into 
the aortic arch, the three cephalic vessels separately occluded and the 
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fourth thread is snuggly tied around the catheter, care being taken that 
the bevel is correctly placed in the direction of the blood flow. 

No fear for hemorrhages exists since the blood travels within a clo- 
sed circuit from the right ventricle to the left heart through the pulmo- 
nary vessels and from the left ventricle to the right auricle through the 
ascending aorta, the catheter and the inferior vena cava. The coronary 
flow is consequently not impaired. Although we did not care for prolon- 
ged observations in our experiments, we have maintained this prepara- 
tions beating.in good conditions up to 40 or 50 minutes, and thus being 
able to demonstrate the local arrhythmic effects of CaCl, and aconi- 
tine (3 4), 

Accordingly with the experimental needs, the peripheral resistance 
may be modified with a screw clamp around the catheter, drugs can be 
added and blood may be withdrawn through the catheter or the blood 
pressure be measured by cannulating the carotid arteries. Finally, the 
brain can be included in the preparation by simply not occluding the 
cephalic vessels, and, if a heart-liver-lung preparation is needed, the ve- 
nous end of the catheter is introduced into the vena porta instead of the 
inferior vena cava. 


We wish to express our appreciation to Prof. Blas Moia for helpful suggestions 
during the course of these experiments. 
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